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THE ACTION OF LIQUID AMMONIA ON WHEAT STRAW 
HOLOCELLULOSE' 


By C. T. BisHop 


ABSTRACT 


Exhaustive extraction with anhydrous liquid ammonia removed 8.0% of wheat 
straw holocellulose. Acetamide was isolated from the extract and identified as 
the dihydrogen bromide salt. A polyuronide fraction, making up 1.3% of the 
holocellulose, was isolated and shown to consist of D-xylose, L-arabinose, 
p-glucose, D-galactose, and D-glucuronic acid in approximate molar ratios of 
11:3:3:1:2.5. Analysis and hydrogenation of the noncarbohydrate portion 
of the liquid ammonia extract showed it to consist of low molecular weight degra- 
dation products among which methylamine was identified. A separate experi- 
ment showed that anhydrous liquid ammonia degraded an isolated polyuronide 
by 8.4%; all components of the polyuronide were equally affected. 


INTRODUCTION | 

Anhydrous liquid ammonia has been used as a solvent for carbohydrate 
reactions since 1931 (12, 13, 14, 18). However, its use in investigating crude 
plant materials is more recent. Yan (24) studied the use of liquid ammonia 
as a solvent for lignin in rye straw and found that it removed 0.8% of poly- 
saccharide material as well as 50% of the lignin. He also showed that anhy- 
drous liquid ammonia completely deacetylated the straw. In 1937 Hess and 
Gunderman (9) showed that liquid ammonia would swell cellulose and form 
a derivative similar to hydrocellulose. More recently Wolff, Olds, and Hilbert 
(22) found that starch was more readily esterified after treatment with anhy- 
drous liquid ammonia. Neubauer (15) made use of this swelling action of 
liquid ammonia to increase the accessibility of polyuronides in maple wood. 

In a previous publication (4) it was reported that anhydrous liquid ammonia 
increased the accessibility of polyuronides to solvents and in this way aided 
in the fractionation of wheat straw holocellulose. In that fractionation, 
material soluble in liquid ammonia was left in the holocellulose and removed 
in the aqueous extract. The purpose of the present work was to determine 
what action liquid ammonia had on wheat straw holocellulose apart from the 
physical swelling of the cellulose fiber structure. 


MATERIALS AND METHODS 
Wheat straw holocellulose was prepared from extractive free wheat straw 
by a delignification procedure using sodium chlorite (1). Pentoses were deter- 
mined as furfural, by an excess bromine oxidation method (10) after distillation 
from 12% hydrochloric acid. Lignin was determined by the 72% sulphuric 
1 Manuscript received December 4, 1951. 


Contribution from the Division of Applied Biology, National Research Laboratories, 
Ottawa. Issued as paper No. 135 on Uses of Plant Products and as N.R.C. No. 2677. 
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acid method of Ritter ef a/. (17); uronic acid anhydride by the method of 
Tracy (21); methoxyl by the procedure described by Clarke (5). Acetyl con- 
tent was determined by alkali saponification followed by steam distillation 
and titration of the acetic acid (5). Reducing power was determined by the 
method of Somogyi (20) and individual sugars, liberated by acid hydrolysis, 
were determined both qualitatively and quantitatively by a combination of 
chromatographic techniques previously described (4). Nitrogen was deter- 
mined by the Kjeldahl procedure and carbon—hydrogen by dry combustion. 
All results were on an ash-free, moisture-free basis unless otherwise stated. 


EXPERIMENTAL PROCEDURES AND RESULTS 

Liquid Ammonia Extraction 

The extractions with liquid ammonia were carried out in the apparatus 
previously described (4) and under the same anhydrous conditions. A solid— 
solvent ratio of 1 : 30 (w/v) was used and the extractions were done at atmos- 
pheric pressure. At the end of each extraction period the liquid ammonia 
extract was removed by suction through a glass dispersion sinter, the system 
being protected from moisture by anhydrous calcium chloride drying tubes. 
Asa result of the evaporation of the liquid ammonia under diminished pressure 
and of the drying of the residue to constant weight at 0.1 mm. over phosphoric 
anhydride, the extracted material was obtained as a dark brown syrup. Four 
successive 24 hr. extractions of 366.4 gm. of wheat straw holocellulose with 
anhydrous liquid ammonia removed 13.2 gm., 10.6 gm., 5.5 gm., and 0.0 gm. 
or a total of 8.0%. Original values of 5.8%, 1.9%, and 1.8% for uronic acid 
anhydride, acetyl, and lignin respectively in wheat straw holocellulose were 
reduced to 5.3%, 0.3%, and 1.4% by liquid ammonia extraction. 


Identification of Acetamide 

After removal of liquid ammonia, the extract was dissolved in 700 ml. of 
water and the solution (pH 7) exhaustively extracted with chloroform in a 
liquid-liquid extractor. The chloroform solution was dried over anhydrous 
sodium sulphate and evaporated, under diminished pressure, to a dark brown 
glass from which 0.10 gm. of white crystals were isolated by vacuum sublima- 
tion. The crystals were dissolved in 5 ml. of water to which 15 ml. of 48% 
hydrobromic acid was added, and the solution evaporated to dryness at 60°C. 
The resulting hydrobromide was recrystallized from 75% methanol to a con- 
stant m.p. of 138°-140°C. which was not depressed on admixture with an 
authentic sample of dihydrobromide salt of acetamide. 


Polyuronide Fraction 

The aqueous solution from the chloroform extraction was concentrated, 
under diminished pressure, to 250 ml. The addition of four volumes of 95% 
ethanol precipitated 4.8 gm. (1.3%) of polyuronide material. After dialysis 
against water and drying through solvent exchange to a white powder, the 
following analysis of the polyuronide was obtained: [a]j) = —89.0, pen- 
tose = 53.6%, uronic acid anhydride (CO X 4) = 10.8%, and methoxyl/uro- 
nic acid anhydride = 0.84. An aliquot (0.55 gm.) of the polyuronide was 
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hydrolyzed to constant reducing power by heating on a boiling water bath 
with 50 ml. of 1% sulphuric acid. The acid was neutralized with barium 
carbonate, the barium salts removed by filtration, washed with warm water, 
and the combined washings and filtrate concentrated to 10 ml. Barium 
uronates (0.1 gm.) were precipitated from this solution by adding four volumes 
of 95% ethanol and the filtrate was again concentrated to 10 ml. pD-xylose, 
L-arabinose, D-glucose, and D-galactose were identified in this filtrate by com- 
parison with known sugars run on the same paper chromatogram using a 
solvent system of ethyl acetate — water — pyridine (11). The reliability of 
this method was previously demonstrated by isolation of crystalline deriva- 
tives (4). Molar ratios of 11 :3 :3.:1 respectively of the above sugars were 
found by quantitative chromatography (8, 16) in which the sugars, separated 
on the paper, were extracted by water and their amounts in the extracts 
determined by the Somogyi method (20). 


Analysis of the polyuronide indicated the presence of 2.5 moles of uronic 
acid anhydride. Methoxylated uronic acids are difficult to oxidize to mucic or 
saccharic acid (3). The presence of a methoxy] group in the uronic acid from 
wheat straw holocellulose (4) probably accounts for repeated unsuccessful 
attempts to isolate a crystalline oxidation product. 


In a separate investigation, subsequent to this work, the uronic acid has 
been identified as D-glucuronic acid. A polyuronide, similar to the one des- 
cribed here, was isolated from wheat straw holocellulose by extraction with 
alkali. Prolonged hydrolysis of this polyuronide with sulphuric acid yielded 
an aldobiuronic acid which was isolated as the barium salt. Further hydrolysis 
of this compound and paper chromatography of the hydrolyzate showed it 
to consist of D-xylose and a uronic acid. Methoxyl determinations showed 
that only one-third of the uronic acid contained a methyl ether group. The 
methyl ester of this aldobiuronic acid was reduced with sodium borohydride 
(23) and the product was hydrolyzed with dilute acid. Paper chromatography 
of the hydrolyzate showed the presence of D-glucose and this was confirmed 
by isolation of D-glucose phenylosotriozole (7) which had a m.p. and mixed 
m.p. of 195-196°C. Because D-glucose was absent in the aldobiuronic acid 
before reduction it could only have been formed from the uronic acid. The 
uronic acid in the polyuronide of wheat straw holocellulose is therefore 
p-glucuronic acid. 


Noncarbohydrate Fraction 

The ethanol-soluble material from the polyuronide precipitation had a 
reducing power of 0.20 ml. of 0.005 N thiosulphate per 10 mgm. This value 
remained constant after heating with 2% sulphuric acid at 96°C. for six hours, 
showing the absence of polysaccharide material. Examination by paper 
chromatography showed that no monosaccharides were present. This material 
was dried to constant weight over phosphoric anhydride at 0.1 mm. Analysis 
showed: C = 41.7%, H = 5.14%, N = 6.75%, methoxyl = 5.9%, and mole- 
cular weight = 124 (determined by depression of the freezing point of water). 
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The noncarbohydrate material (11.5 gm.) in absolute ethanol (200 ml.) was 
hydrogenated in a stainless steel bomb of 500 ml. capacity which was fitted to 
a mechanical rocker. Copper-chrome oxide was freshly prepared according 
to Connor e¢ al. (6) and was used immediately. Two hydrogenations were 
done with 5 gm. charges of the catalyst and an initial hydrogen pressure of 
2000 p.s.i. The temperature of the bomb was raised to 240°C. in two hours 
and maintained at that point for six hours. Hydrogen consumption of 0.7 
moles was calculated from pressure readings at room temperature before and 
after the hydrogenations. Raney nickel was prepared by the method of 
Adkins (2) and stored under absolute ethanol until used. Three more hydro- 
genations using 4 gm. of Raney nickel under the same conditions increased 
the total hydrogen consumption to a constant amount of 2.8 moles. Evapora- 
tion of the solvent left 1.34 gm. of a brown syrup, a yield of 11.7%. The 
ethanolic distillate had a fishy odor and gave off white fumes with hydro- 
chloric acid, indicating the presence of low molecular weight, aliphatic amines. 
The ethanol solution was saturated with dry hydrogen chloride at 5°C. and 
redistilled leaving a light brown oil. After decolorizing with charcoal and 
cooling at 0°C., 0.77 gm. of an amine hydrochloride were obtained. Its melting 
point, 186°-208°, was unchanged on recrystallization. The crystals were 
benzoylated by the standard method (19) using sodium hydroxide and benzoyl 
chloride. The resulting benzamide was recrystallized from ethanol—water to a 
constant m.p. of 79°-80°C. which was not depressed on admixture with an 
authentic sample of the benzamide of methyl amine. 

The brown syrup (1.34 gm.), left after removal of ethanol from the hydro- 
genate, was distilled at 0.07 mm. A heavy straw-colored syrup (0.18 gm.) 
came over at a bath temperature of 250°C. Analysis of this syrup showed: 
C = 72.0%, H = 11.0%, N = 0.0%, methoxyl = 0.0%, and molecular 
weight = 215 (determined by the vapor pressure lowering of methanol). 
Analysis of the nondistillable residue gave: C = 54.2%, H = 8.038%, N = 2.9%, 
methoxyl = 1.2%, and molecular weight = 980 (determined by elevation of 
the boiling point of ethanol). 


Action of Anhydrous Liquid Ammonia on a Polyuronide Material 

A polyuronide fraction, extracted from wheat straw holocelluose by 12% 
potassium hydroxide, had [alb = —88.5°, pentose = 82.8%, uronic acid 
anhydride = 7.16%, and methoxyl = 0.8%. A sample (0.50 gm.) of this 
polyuronide was soaked in anhydrous liquid ammonia (150 ml.) for 36 hr. 
under the previously described conditions (4). The liquid ammonia only 
partially dissolved the polyuronide which became slightly darkened in color. 
After removal of the liquid ammonia, by vaporization under diminished 
pressure, the polyuronide was hydrolyzed to constant reducing power by 2% 
sulphuric acid at 96°C. A recovery of 70.6% of the weight of sample was 
obtained as reducing material. Duplicate hydrolysis of a sample of the same 
polyuronide that had not been treated with anhydrous liquid ammonia gave 
a recovery of 79.0%. The loss of 8.4% in reducing power can therefore be 
attributed to treatment with anhydrous liquid ammonia. Individual sugars 
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in both hydrolyzates were estimated quantitatively by chromatography. The 
proportions of the sugars to each other were the same showing that the 
degradation was general. 


DISCUSSION 

The anhydrous liquid ammonia extract of wheat straw holocellulose con- 
tained 1.3% of polyuronide material and 6.7% of noncarbohydrate material. 
The acetyl content of the holocellulose was reduced from 1.9% to 0.3% and 
this deacetylating action was confirmed by the identification of acetamide. 
The extraction also reduced the content of residual lignin in the wheat straw 
holocellulose from 1.8% to 1.4%. These results are in good agreement with 
those of Yan (24) who used anhydrous liquid ammonia to extract lignin from 
rye straw and found that 0.8% of a polysaccharide was removed and that the 
material was completely deacetylated. 

The bulk (6.7% of the wheat straw holocellulose) of the liquid ammonia 
extract was noncarbohydrate. After complete hydrogenation only 11.7% of 
material was recoverable with the rest being lost as volatile products among 
which methyl amine was identified. Distillation of the recovered material 
. and analyses of both distillate and residue indicated a mixture of products 
from which no identifiable compound could be isolated. These results showed 
that the noncarbohydrate material was a complex mixture of low molecular 
weight compounds together with a small amount of higher molecular weight 
material, possibly lignin extracted by the liquid ammonia. 

Except for 1.8% residual lignin, wheat straw holocellulose consists entirely 
of carbohydrates. Therefore, the 6.7% of noncarbohydrate material must 
have been formed by a degradative chemical action of anhydrous liquid 
ammonia on wheat straw holocellulose. This degradation was confirmed by 
soaking a polyuronide fraction in anhydrous liquid ammonia and determining 
the amount recoverable as reducing material after hydrolysis. A loss of 8.4% 
was caused by the liquid ammonia. Anhydrous conditions precluded the 
possibility of degradation by alkali. Isolation of such nitrogenous compounds 
as acetamide and methy! amine showed that this complex, degradative reaction 
was directly associated with the ammonia. It appears that although anhy- 
drous liquid ammonia can be used with success to swell or activate cellulose (9) 
or starch (22), the smaller polyuronide molecule is less resistant to its chemical 
action. It must be concluded that anhydrous liquid ammonia is not a good 
solvent for extracting polyuronide material. However, its use as a swelling 
agent to increase the accessibility of polyuronides to other solvents (4, 15) is 
justified if the time of treatment is kept short. 
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THE REACTION BETWEEN SILVER AND TRIPHENYLMETHYL 
CHLORIDE! 


By E. J. PERry? AND C. A. WINKLER 


ABSTRACT 


Kinetic evidence has been obtained to indicate that, in toluene, the reaction be- 
tween silver and triphenylmethyl chloride is a tarnishing reaction involving the 
growth of a silver chloride film on silver. Logarithmic, linear, and parabolic 
rates were observed, as well as a characteristic, very sudden decrease in reaction 
rate under certain conditions. The film thicknesses at which most of these 
phenomena occurred were those predicted by the Cabrera—Mott theory for the 
oxidation of metals. 


INTRODUCTION 
The reaction between silver and triphenylmethyl chloride, 
Ag + (CsH 5)3CCl =— AgCl + (CeHs5)3C’, 

has long been known (7), but has been the subject of kinetic study only to 
the extent that reaction times for satisfactory yields of triphenylmethy] free 
radicals have been determined (14), and the reactivity of silver relative to 
that of a number of other metals towards triphenylmethy] chloride has been 
assessed (16). The present study was made since it seemed likely that the 
reaction should represent a liquid phase tarnishing reaction in which silver 
chloride, which is practically insoluble in most organic solvents, would grow 
as a film on the metallic silver because of the strong attractive forces which 
are known (3) to exist between the positive and negative ions of a metal salt 
and a metal substrate. The presently accepted view on the growth of such a 
film, a process termed ‘‘Anlaufvorgang”’ by Wagner (17), is that, as tarnishing 
occurs, metal passes outwards through the metal salt film, either by the out- 
ward diffusion of interstitial metal cations and electrons if the metal salt is 
an excess semiconductor, or by the inward diffusion of vacant cation sites 
and of positive holes if the metal salt is a deficit semiconductor. For the 
oxidation of metals, Cabrera and Mott (3) have differentiated various growth 
laws and mechanisms, according as the growing film is “‘very thin’’ (up to 
~ 10-* — 10-*cm.), “thin” (up to ~ 10~* cm.) or “thick”. They also postu- 
lated that below a “critical temperature’ the initially very rapid growth 
should suddenly come to a virtual standstill, a phenomenon they termed the 
attainment of a “‘limiting film thickness”, the value of which would depend 
on the temperature and other parameters. 


The growth of “very thin” and “thin” metal oxide films has already been 
the subject of experimental investigations (13, 4). However, only the 
growth of ‘‘thick”’ silver chloride films has so far been studied because of the 
elevated temperatures at which the film forming reaction used in the past, 


1 Manuscript received November 20, 1951. 
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with financial assistance from the National Research Council of Canada. Presented at the 
June, 1951 Meeting of the Chemical Institute of Canada at Winnipeg, Man. 
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Department of National Health and Welfare, Ottawa, Ont. 





236 CANADIAN JOURNAL OF CHEMISTRY. VOL. 30 


i.e., the action of gaseous chlorine on silver, was made to take place. Both 
Tammann (15) and Wagner (18) found this reaction to follow a parabolic 
rate law. Tammann’s mechanism, which postulates an inward diffusion of 
gaseous chlorine through the silver chloride film, is obsolete and Wagner’s 
mechanism is accepted at the present time (12). Wagner (17) was able to 
show quantitatively that the entire amount of product formed during a tar- 
nishing reaction could be ascribed to the outward motion of metal cations and 
electrons through the film. He described (18) the process at the silver 
chloride — chlorine interface in the following manner: 


Cl (gaseous) + Agt (z) + e (/) =CI-() + Agt(/J) + O (e&) 

where e~(/), CI-(/), and Agt(/) are an electron, a chloride anion, and a silver 
cation respectively, all in regular lattice sites. Ag*(z) represents an inter- 
stitial silver cation present as a Frenkel lattice defect and 0 (e~) is the symbol 
for a positive hole. The final steps in the tarnishing mechanism are then the 
inward diffusion of the positive hole to the silver — silver chloride interface 
where it is filled by an electron from a silver atom which, after thus becoming 
a cation, dissolves interstitially in the silver chloride film. 


EXPERIMENTAL 
Materials 

Precipitated silver obtained from Johnson, Matthey, and Mallory Ltd., 
Montreal, was used without further purification. According to measurements 
by the B.E.T. method (1) at — 195.8°C., this silver had a surface area of 
0.90 m.? per gm. Loeser and Harkins (11) recently obtained a similar surface 
area (1.05 — 1.22 m.? per gm.) for silver ‘‘powder’’ as the result of surface 
area determinations by the B.E.T. and H.J. methods (10). 

Triphenylmethyl chloride was prepared from triphenylmethylcarbinol 
(Brickman and Co., Montreal) by Gomberg’s method (8). 

Mallinckrodt’s reagent grade toluene was distilled, in a dry nitrogen stream, 
from sodium directly into the reaction system. 

Technical grade acetonitrile (Brickman and Co., Montreal) was dried over 
anhydrous sodium sulphate and distilled, in a dry nitrogen stream, from 
phosphorus pentoxide directly into the reaction system. 

Apparatus and General Procedure 

The apparatus (Fig. 1) consisted essentially of a round-bottomed flask F, 
a long mercury seal stirrer U, a manometer J, and an iron nail sealed into a 
glass tube T which, by means of a magnet, could be drawn up into a small 
side-arm FE. To a large S.T. joint at the top of the mercury seal stirrer 
could be fitted an attachment that consisted of a bulb A to contain mercury, 
together with appropriate stopcocks. It was used for the introduction of 
gases (nitrogen or oxygen) and of mercury into the apparatus. 


At the beginning of each experiment weighed quantities of precipitated 
silver and of pyrogallol were put into the flask F and a known quantity of 
solvent then introduced. A small and very thin glass vial containing a 
weighed amount of triphenylmethy! chloride was placed into the side-arm 














et a 





PERRY AND WINKLER: TRIPHENYLMETHYL CHLORIDE 237 



























































Fic. 1. View of top (right) and bottom (left) parts of apparatus before the side-arm has 
been sealed off. 


and allowed to come to rest on T (Fig. 1). The contents of the flask were 
frozen and the side-arm sealed off just below S.T. joint S-2. The nitrogen 
atmosphere inside the apparatus was then replaced by oxygen which was 
trapped at a suitable initial pressure by filling M and U with mercury. An 
electromagnet was placed around E and the entire apparatus immersed in a 
glass-walled thermostat so that pressure readings could be taken with a 
cathetometer focused on M. After half an hour of preliminary stirring, during 
which the apparatus attained the temperature of the thermostat, the tube T 
was drawn up into side-arm E. When the thin vial fell to the bottom of the 
apparatus it was broken by the stirrer and the triphenylmethy] chloride went 
into solution to initiate reaction. In the presence of oxygen and of pyrogallol, 
the triphenylmethyl free radicals formed by the interaction of silver and of 
triphenylmethy]! chloride immediately formed triphenylmethyl hydroperoxide, 


(CsHs5)3C’ + O2 + H’ (from pyrogallol) — (CsHs);COOH. 
According to Ziegler and his coworkers (19), this reaction takes place very 
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rapidly and in stoichiometric proportions and can therefore be made the basis 
of an analytical method for the determination of triphenylmethyl and many 
other triarylmethyl free radicals. 

Frequent pressure readings were then taken, and from the fall in oxygen 
pressure and the dimensions of the system (determined by calibration with 
due regard for volume changes caused by movement of the mercury in I 
and Ll’) it was possible to calculate the amount of triphenylmethy!1 or of silver 
chloride formed. To make the data directly comparable, all pressure changes 
were corrected to an arbitrary standard volume, V, of 263.7 ml. and an arbit- 
rary standard temperature, T, of 338°K. All of the A p values in Figs. 2 to 6 
may thus be changed to gram-molecules of triphenylmethyl free radical or 
of silver chloride formed by making use of the relation A p = AnRT/V. The 
quantity Am is the number of moles of oxygen consumed, corresponding to 
the number of moles of triphenylmethy] free radical or of silver chloride formed 
during the pressure change Ap. The weights of silver chloride formed may 
then be converted to film thicknesses by reference to the initial weight and 
surface area (0.90 m.? per gm.) of the silver used and the specific gravity 
(5.56 gm. per cc.) of silver chloride. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The practicability of using metal powder rather than metal cylinders or 
plates during a kinetic study of this type of reaction is evident from the good 
reproducibility (within 5%) observed throughout this work. While the usual 
stirring speed was about 460 r.p.m., controlled experiments at 300, 460, and 
600 r.p.m. were also made and they showed that variations in the rate 
of stirring within these limits had no effect on the reaction rate. No “blank” 
due to oxygen absorption by silver powder suspended in the solvent, or by 
dissolved pyrogallol or triphenylmethyl chloride was observed. 

The reaction plots contained in this paper are characterized by the applic- 
ability of logarithmic, parabolic, and linear rate laws, by the occurrence of 
characteristic changes from one law to another, and by a very sudden decrease 
in rate below a certain reaction temperature. These phenomena form such a 
unique and distinctive pattern, known to occur only in tarnishing reactions, 
that it seems well justified to postulate a rate-controlling tarnishing mechanism. 
Because the growing film is one of silver chloride on silver, with triphenyl- 
methyl chloride clearly in the role of the electronegative tarnishing agent, 
Wagner’s mechanism for the basic step of the growth process can here be 
written in the following manner: 


(Ce6Hs)sCCl (dissolved) + e~ (1) +Agt (4) > CI-(J) + Agt() + O(e7) + (CoHs)sC’. 


Among the various theories on tarnishing processes, that of Cabrera and 
Mott (3) is the only one that provides an explanation for the striking effect 
(Fig. 2) observed with a temperature change of as little as 20°C. Initially 
the reaction was very fast and in accordance with a logarithmic growth law, 
both at 65.4°C. and at 44.9°C. At the former temperature, the logarithmic 
growth law was valid (Fig. 3) up to a well-defined and reproducible film 
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Fic. 2. The effect of temperature (with 1 gm. Ph;CCl, 2 gm. silver; in toluene). 


thickness of 1.6 X 10~-?cm. Such a “critical film thickness’’ X; should occur, 
according to the Cabrera—Mott theory (3) for gas phase oxidations, and be 
usually observable at 10-* — 10-°cm. The value of X, is given by gaV/kRT, 
where gq is the charge on the cation of the metal salt film, a is the distance 
from the metal — metal salt interface to the top of the first potential barrier 
in the path of a diffusing interstitial cation, V is the contact potential difference 
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Fic. 3. Applicability of a logarithmic growth law with three. different amounts of silver 
(at 65.4°C.; in toluene). 
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between metal and tarnishing agent, k is Boltzmann’s constant, and T is the 
absolute temperature. X, also delimits “very thin” films from ‘‘thin’’ ones. 
“Very thin” oxide films, according to Cabrera and Mott (3), obey the following 
growth law which involves (13) a logarithmic dependence of film thickness on 
time: 

dX 

dt RT 
where, in addition to the symbols already defined above, N is the number of 
metal ions per unit metal surface area at the metal-metal salt interface, 2 is 
the volume of metal salt formed per metal salt cation, v is the frequency of 
atomic vibration, and W, for excess semiconductors, is the sum of the heat 
of solution of a metal cation in the metal salt plus the activation energy for its 
interstitial diffusion in the metal salt. With deficit semiconductors, where a 
physical model for the growth of ‘‘very thin” films has not yet been worked 
out, W is probably related to the energy required to create a vacant positive 
hole and a vacant cation site plus an activation energy term for the diffusion 
of these lattice defects. The quantity F represents the strength of an electric 
field which is postulated to exist in a growing ‘‘very thin”’ or. ‘‘thin”’ oxide film 
because of a layer of adsorbed O~ ions at the oxide—-oxygen interface. The 
formation of these ions, according to Cabrera and Mott, is due to adsorbed 
oxygen atoms at this interface which possess energy levels below the surface 
of the Fermi distribution in the metal. As long as the film thickness is small, 
electrons, passing from metal to oxygen, will penetrate the oxide film by a 
process of quantum mechanical tunneling or of thermionic emission. An 
electrostatic potential V will be set up at the oxide—-oxygen interface because 
of the attainment of an electronic quasi equilibrium such that, in a time short 
compared with that in which the metal ions diffuse, as many electrons pass 
from metal to oxygen as in the opposite direction. The strength of the electric 
field F is then equal to V/X, where X is the film thickness. 


= NQv exp (— W/kT) exp (#2) 


At 44.9°C., a logarithmic growth law would be expected to be valid beyond 
a film thickness of 1.6 X 10~® cm. because of the inverse relation between the 
critical film thickness and reaction temperature. At this temperature of 
44.9°C., however, there occurred, long before this film thickness was reached, 
a very sudden decrease in rate of reaction at a well-defined and quite repro- 
ducible film thickness of 80 A (Fig. 4). Provided the temperature is low 
enough, the Cabrera—Mott theory predicts the occurrence of such a sudden 
decrease in rate at a film thickness of 20 — 100 A corresponding to the attain- 
ment of a limiting film thickness X, = Vag/(W — 39kT). In accordance 
with this definition, Xz increases with reaction temperature and the highest 
temperature at which, for a given tarnishing reaction, the phenomenon of 
the limiting film thickness still occurs is the critical temperature T, = W/39k. 
From Fig. 2 it would appear that a temperature of 65.4°C. lies well above this 
critical temperature 7, while 44.9°C. lies slightly above 7. so that a very 
sudden decrease in rate of reaction still occurs. The film thickness of 80 A 
at which the sudden decrease in rate occurs (Fig. 4) therefore appears to be 
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Fic. 4. The effect of initial PhsCCl concentration (with two different amounts of silver; 
in toluene at 44.9°C.). ; 


slightly greater than the value corresponding to the limiting film thickness X 
at a temperature just below the critical temperature 7... 


At 44.9°C., the reaction continues at a constant rate (Fig. 4). For a given 
amount of silver, this rate is directly proportional .to the triphenylmethy] 
chloride concentration existing at the beginning of the linear rate, for low 
values, but becomes independent of the concentration at high values. Here 
the rate is directly proportional to the amount of silver present. 


A linear rate observed (9) for the oxidation of aluminum has been explained 
by Cabrera and Mott (3) as due to the fact that in the transition region be- 
tween “‘thin’”’ and “thick” films, a transition from a parabolic rate with a 
smaller rate constant to a different parabolic rate with a larger constant may 
occur. The film thickness considered in this interpretation (~ 1074 cm.) is, 
however, quite different from that at which the observed linear rate in the 
silver — triphenylmethy] chloride reaction takes place (i.e., beginning at 80 A). 
For very small concentrations of oxygen, Cabrera (2) predicted the nonattain- 
ment of the Mott electronic quasi equilibrium because of an insufficient amount 
of adsorbed tarnishing agent at the metal salt — tarnishing agent interface. 
The rate controlling factor would then be the adsorption of tarnishing agent 
at this interface and the observed rate would be expected to be linear and 
first order with respect to concentration of tarnishing agent. If such a 
mechanism were valid for the present reaction the rate presumably would 
become nonlinear at concentrations of tarnishing agent sufficient to set up the 
Mott electronic quasi equilibrium. Actually the rate remained linear and 
did not increase beyond a maximum value even with large excess of triphenyl- 
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methyl chloride. Older theories (5) on tarnishing processes predict the 
occurrence of a linear rate by the mere generalization that such a rate would 
be due to processes at the film interfaces rather than inside the film itself. 
The sudden appearance of rifts through which tarnishing agent could pass 
without hindrance is, according to Evans (6), another reason for the validity 
of a linear law but it is doubtful that this occurs here because of the complete 
reproducibility with which the linear rate begins at 44.9°C. once a film thick- 
ness of 80 A has been reached. The occurrence of a linear rate under these 
reaction conditions appears, therefore, to be a newly observed experimental 
fact for which existing theoretical treatments make no provision. 
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Fic. 5. The effect of excess Ph3;CCl at 65.4°C. (with 4.60 gm. Ph;CCl; in toluene). 
Plot on right shows applicability of a parabolic growth law. 


If, at a reaction temperature of 65.4°C., the ratio of triphenylmethy] chloride 
to silver in the reaction mixture lies above a certain minimum value, then a 
parabolic growth law is valid (Fig. 5). As the maximum film thickness 
attained in the two reaction curves shown was 1.13 X 107° cm., the depicted 
growth is that of ‘‘thin’’ films in the sense of the Cabrera—Mott theory (3) 
according to which only films which become thicker than about 10~* cm. 
within a few hours are designated ‘“‘thick” films. Because silver chloride is a 
deficit semiconductor, the observed parabolic growth is in contrast to the 
conclusion by the Cabrera—Mott theory (3) that a “thin” film which is a 
deficit semiconductor should grow according to a cubic growth law of the 
type 

X* = 3A 
where X is the film thickness at time ¢, and the constant A is proportional to 
exp | — (Wi; + U)/kT}, where W; is the energy required to form a vacant 
cation site and L’ is the activation energy for its diffusion in the metal salt. 

It is evident from Fig. 6 that the over-all rate in acetonitrile is considerably 
faster than in toluene and that the sudden slowing down of the reaction, a 
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Fic. 6. The effect of solvent and of temperature. 


phenomenon apparently resulting from the attainment of Cabrera and Mott’s 
limiting film thickness X,, occurs at a temperature about 40°C. below the 
corresponding temperature in toluene. Because of this difference in the value 
of the critical temperature W/39k, it would appear that a molecule of the 
tarnishing agent, triphenylmethy! chloride, polarized or ionized by dissolution 
in a dissociating solvent such as acetonitrile, requires less energy for the ab- 
straction of an electron out of a silver chloride lattice than a triphenylmethy] 
chloride molecule dissolved in a nondissociating or nonpolarizing solvent such 
as toluene. ; 

The over-all conclusion from the work described in this paper appears to 
be that, although the silver — triphenylmethy! chloride reaction occurs in a 
liquid phase and with a chemical compound instead of an element in the role 
of tarnishing agent, its general characteristics are quite similar to those ob- 
served for gas phase oxidations. Some extension of accepted theoretical 
treatments would appear to be necessary, however, to account for such 
observations as a parabolic rather than a cubic growth law for a “thin” 
deficit semiconductor, and a linear law with definite characteristics at a 
temperature just above Cabrera and Mott’s critical temperature. 
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DICUMAROL-2-C": SYNTHESIS AND METABOLISM STUDIES! 
By H. R. EIsENHAUER,? J. M. Pepper, L. B. JAQUES, AND J. W. T. SprnKs 


ABSTRACT 

Dicumarol (3,3’-methylene bis(4-hydroxycoumarin)) has been synthesized 
labeled with C™ in the 2-position. Starting with active barium carbonate of 
— activity 1.6uc. per mgm., the intermediate compounds diethyl carbonate- 

1-C'* and 4-hydroxycoumarin-2- C¥ were prepared. Subsequent reaction of the 
latter compound with aqueous formaldehyde yielded dicumarol-2-C"%. The 
specific activity of the final product, once recry stallized from cyclohexanone, was 
4.3 X 10° counts per min. per mgm. corrected for geometry and absorption. The 
expired carbon dioxide from a mouse injected with this C'-labeled product was 
collected and found to contain no radioactivity. This indicated that, in this 
animal, the 2-carbon of dicumarol does not enter into a metabolic process whereby 
it is expired as carbon dioxide. 


Recent investigations (4, 6) into the mechanism whereby dicumarol lowers 
the prothrombin level in the blood have emphasized the valuable results to 
be obtained in using dicumarol labeled with C'™. In these experiments in- 
active 4+-hydroxycoumarin was condensed with formaldehyde-C"™ (5), thereby 
placing the labeled carbon atom in the methylene bridge position. On adminis- 


. tration to animals, the labeled dicumarol was shown to reach the liver in an 


unchanged form but the radioactive material which was excreted either in 
the urine or in the feces was no longer dicumarol. A program of research was 
therefore begun to examine the chemical nature of these metabolic products. 


One approach to this problem would be to synthesize dicumarol labeled 
in various other positions in the molecule and, by a comparison of the active* 
metabolic products isolated from the excretions of animals fed with these 
differently labeled samples, to obtain some insight into their chemical consti- 
tution. It appeared quite feasible to effect such labeling in any of the 2-, 3-, 
or 4-carbon atoms of the 4-hydroxycoumarin molecule and subsequent re- 
action with inactive formaldehyde would yield the required dicumarol. 


Using the reactions outlined by Anschutz (1), 4-hydroxycoumarin could 
be labeled with C™ in the 3-position if methylene-labeled malonic ester were 
used or in the 2- or 4-positions** if carboxyl-labeled malonic acid were used. 
Labeling in the 2-position would be achieved using the method reported by 
Link (9) starting from carboxyl-labeled acetic anhydride. The application of 
a recently reported synthesis of 4-hydroxycoumarin (3) from o-hydroxy- 
acetophenone and carbonyl-labeled diethyl carbonate would yield a product 
labeled in the 2-position. 


The initial choice for an attempted synthesis was the last method mentioned 
above, partly because it appeared to offer the simplest method of preparing 


1 Manuscript received December 3, 1951. 

Contribution from the Departments of Chemistry and Physiology, University of Saskat- 
chewan, Saskatoon, Sask. This paper constitutes part of a thesis submitted by H. R. Eisenhauer in 
partial fulfillment of the requirements for the degree of Master of Arts in Chemistry and was pre- 
sented at the Seventh Annual Conference of the Chemical Institute of Canada, Winnipeg, June 1951. 

2 Present address: Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wis. 
*** Active’ is used here in the sense of ‘‘radioactive’’. 
**In any one molecule either the 2- or 4-positions would be labeled but not both. 
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a product of high specific activity and partly because of the reasons outlined 
below. 

Pulver and von Kaulla (8) in studying the physiological action of the com- 
pound ‘‘Tromexan” (I) isolated a metabolite (II) which they assumed was 
formed by hydrolysis in the animal body. 
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Furthermore Link has shown (9) that the treatment of dicumarol (II1) with 
10% potassium hydroxide at 100°C. gives rise to the degradation product 
disalicylpropane (IV) which involves the loss of two carbon atoms per mole- 


0 O 
ea £ 2. _ . e 
( erry | were ¢ \—C—cH— CH:— CH:—C— * 
AY AA \ 0H wo) 
5 oO 6 © 
II IV 


cule. It was thought, therefore, that if dicumarol labeled with C™ in the 
2-position (V) were used in an animal experiment, then, if the metabolism of 
dicumarol involved a similar reaction, some carbon atoms which contained 
the activity would be removed. If this carbon were expired as C™Oz it should 
be possible to detect this activity and thereby provide some insight into the 
metabolism of this chemical. 
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The purpose of the present investigation was to synthesize the dicumarol 
with C™ in the 2-position. The series of reactions finally used to effect this 
synthesis, starting from C'-labeled barium carbonate, is shown as follows: 


Bacvo, Percbloric, cup, NAOH, nacuo, “BX ag.cvo, 
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The synthesis was at first carried out on a macro scale to determine the 
approximate conditions and yields which could be expected for each individual 
step. Subsequently, based on this information, each step was worked out on 
-a semimicro (approximately millimolar) scale and these individual reactions 
then combined to effect a complete synthesis of dicumarol starting from 
100 mgm. of barium carbonate. Finally the semimicro-scale synthesis was 
repeated using C'-labeled barium carbonate. 

To determine whether the 2-carbon atom of dicumarol was expired in the 
manner suggested above, a mouse was injected with a small amount of this 
labeled product. The collection of the expired carbon dioxide for 18 hr. fol- 
lowed by its precipitation as barium carbonate and by counting, showed that 
no activity was lost in this manner. 


EXPERIMENTAL 

For the macro-scale experiments carbon dioxide was released quantitatively 
from barium carbonate by the addition of perchloric acid and was absorbed 
in a stoichiometric amount of sodium hydroxide solution. The sodium car- 
bonate solution thus formed was added to a solution of silver nitrate to give 
a quantitative yield of silver carbonate. The conversion of silver carbonate to 
diethyl carbonate presented the first difficulty. In 1854, de Clermont had 
reported that this synthesis occurred by heating equivalent amounts of ethy] 
iodide and silver carbonate in a sealed tube, but attempts to repeat this gave 
very low (9%) yields of diethyl carbonate. However, it was found that yields 
up to 30% were obtained if catalytic amounts of triethylamine or pyridine 
were used under refluxing conditions. It was thought that the mechanism 
may involve the formation of the quaternary ammonium salt which thereby 
labilizes the carbon to iodine bond. For the larger quantities required in the 
many inactive trial experiments, diethyl carbonate was prepared by the inter- 
action of phosgene and absolute ethanol (7). 


Following closely a procedure outlined in a United States patent by 
Dickenson in 1947 (3), diethyl carbonate and o-hydroxy acetophenone were 
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reacted to give 4-hydroxycoumarin in 68% yield with respect to the o-hyd- 
roxyacetophenone. In this process the ethanol formed is continuously removed 
as an ethanol-benzene azeotrope at its boiling point, thereby displacing 
the equilibrium of the reaction in the required direction. As a result of 
numerous runs it was found that the best yields of 4-hydroxycoumarin were 
obtained if the catalyst, sodium ethylate, were present in twice the equivalent 
amount in relation to the o-hydroxyacetophenone; it was also found that 
under none of the conditions tried was any of the desired product formed if 
o-hydroxyacetophenone were present in an amount representing an excess 
over that theoretically required. This was, of course, unfortunate since in 
the series of radioactive syntheses the diethyl carbonate would be the labeled 
reagent. The preferred ratio of reactants was as follows: o-hydroxyaceto- 
phenone: sodium ethylate: diethyl carbonate as 0.62 : 1.25 : 1. 


On reducing the scale of the synthesis to that using one millimole of diethyl 
carbonate, difficulties in obtaining useful yields were encountered. However, 
the modified procedures herein reported were found to be satisfactory. The 
dilution of the diethyl carbonate-1-C' with inactive diethyl carbonate was 
made in order to ensure that this reagent was present in an amount representing 
an excess over that theoretically required. It had been shown previously 
that unless this condition was fulfilled no yield of 4-hydroxycoumarin was 
obtained. 

Throughout the active synthesis, absorption towers containing 5% sodium 
hydroxide were attached to the outlets of all reaction vessels containing active 
material in order to trap any escaping carbon dioxide. 


Diethyl Carbonate-1-C'* 

Barium carbonate-C™ (104 mgm.) (specific activity 1.6 uc. per mgm.*) was 
placed in one bulb of a small glass apparatus attached to a second bulb con- 
taining an easily removable small test tube holding 0.5127 N sodium hydroxide 
(2 ml.). Water (2 ml.) was added to cover the barium carbonate, both aqueous 
components frozen, and the system evacuated and closed. By means of a 
dropping funnel, 30% perchloric acid (5 ml.) was added onto the carbonate 
and the closed system allowed to warm to room temperature and to stand 
for 24 hr. The contents of the small tube were then added with stirring to a 
solution of silver nitrate (185 mgm.) in water (20 ml.). The resulting precipi- 
tate was filtered (2), washed with water, acetone, ether, and finally dried for 
two hours, in vacuo, at 20°C. (1 mm.). This silver carbonate -C was powdered, 
placed in a small (4 ml.) flask, and ethyl! iodide (3.0 ml.) and triethyl amine 
(0.1 ml.) were added. The reaction mixture was refluxed at 100°C. for two 
hours, during which time dry nitrogen gas was bubbled through and into a 
sodium hydroxide trap. 

After cooling, inactive diethyl carbonate (0.10 ml.) was added, the mixture 
filtered through a small sintered glass filter, and the residue washed with 
five 1 ml. portions of dry benzene. The combined filtrate and washings were 


*Barium carbonate (5 mgm.) with an activity of 0.5 mc. per 15 mgm., obtained from the Atomic 
Energy Project at Chalk River, Ont., was diluted with 99 mgm. of inactive carbonate. 
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slowly fractionated through a small Vigreaux column attached to a small flask 
fitted with a dropping funnel and thermometer. Distillation was continued 
until the vapor temperature reached that of boiling benzene and then for an 
additional 10 min., the volume of liquid being maintained at 2 ml. by the 
addition of dry benzene. 
4-Hydroxycoumarin-2-C'* 

To the resulting benzene solution of diethyl carbonate-1-C™ were added a 
solution of sodium (23 mgm.) in absolute ethanol (0.5 ml.) and 0.060 ml. of 
o-hydroxyacetophenone. The benzene-ethanol azeotrope was slowly distilled, 
while dry benzene was added continuously at such a rate that the level of 
liquid remained constant. Heating was continued for an additional 2.5 hr. 
after the temperature of the distillate reached the boiling point of benzene 
at which time water (7 ml.) was added to dissolve the resulting 4-hydroxy- 
coumarin-2-C', The aqueous and benzene layers were readily separated. 
Dicumarol-2-C4 

The above water solution was placed in a test tube (15 ml.), fitted with a 
reflux condenser, and the solution acidified with 6 V hydrochloric acid (1.0 ml.) 

_under an atmosphere of carbon dioxide-free nitrogen. The resulting suspension 
of 4-hydroxycoumarin-2-C" was heated at 100°C. until it clarified, at which 
point a 38% solution of formaldehyde (2 ml.) was added. The resulting 
dicumarol-2-C" was allowed to coagulate overnight, filtered (2), and air-dried. 
The product was crystallized from cyclohexanone; m.p. 287° to 288°C., yield 
12.2 mgm.; mixed melting point with an authentic sample of dicumarol 
showed no depression. Radioactive measurements using an end-window type 
of Geiger—Miiller counter with a scale of 128 indicated a specific activity of 
4.3 X 10° counts per min. per mgm., corrected for geometry and absorption. 
Animal Experiments 

Dicumarol-2-C" (0.25 mgm.) was injected intravenously into a mouse 
(15.2 gm.) which was immediately placed in a metabolism cage (6). For 
the next 18 hr. the expired carbon dioxide was collected in sodium hydroxide. 
The resulting solution was diluted to 300 ml., the carbonate precipitated as 
barium carbonate from a 20 ml. aliquot, dried on two platinum dishes, weighed, 
and counted. No count was observed using either the Geiger—Miiller end- 
window counting tube or a gas-flow type counter. 

With the counting equipment and techniques used a 5% conversion could 
have been detected and a 15% conversion fairly accurately measured. 


This indicated that, in the body, there is no significant liberation of carbon 
in the 2-position from dicumarol. Parallel experiments with dicumarol labeled 
in the methylene bridge (6) also showed no appreciable fraction of the activity 
in the expired carbon dioxide. This suggested that the 2-carbon and the 
methylene bridge carbon remain attached to the 3-carbon, and in view of the 
known rapid metabolism of 2- to 5-carbon carboxylic acids, it may be inferred 
that these carbons remained attached to the benzenoid nucleus. Chromato- 
graphic analysis of the urine (10), after administration of methylene labeled 
dicumarol, has indicated the production of at least four metabolic products 
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of low water solubility. This also is in agreement with the view that the 
radioactivity remains attached to the benzenoid nucleus. 

The mouse was sacrificed and counts taken on many of the isolated tissues 
and excreta. The results obtained, with the activity expressed as a percentage 
of the injected dose, were as follows: liver, 6.04; gall bladder, 0.6; intestine, 
2.8; intestinal content, 40.5; urine, 9.8; and feces, 4.85. No activity was de- 
tected in the spleen, kidney, lung, muscle, sternum, or blood. It is perhaps 
of some interest that the per cent activities reported here are about the same 
as those reported for similar experiments using dicumarol labeled in the 
methylene bridge position (6). 
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SOME METHYL ETHERS AND ACETATES OF 
PURPUROGALLIN! 


By G. Denis THORN? AND L. R. C. BARCLAY 


ABSTRACT 

The preparation and ultraviolet absorption spectra of a number of methyl 
ethers and acetates of purpurogallin are given. The following derivatives of 
purpurogallin are, to our knowledge, not mentioned in the literature: a mono- 
acetate, m.p. 182-183°C.; a diacetate I, m.p. 159-160°C.; a diacetate II, m.p. 
208-209°C.; a triacetate, m.p. 161.5-162.5°C.; a monomethyl ether diacetate, 
m.p. 156-157°C.; a dimethyl ether diacetate, m.p. 194-196°C. Comparison of 
the ultraviolet absorption spectra with those determined for derivatives of known 
structure suggested the positions of the acetyl groups in the new substances now 
prepared. 

A research, as yet unpublished, on the oxidation of pyrogallol with alkaline 
hypoiodite, made it probable that at pH 12 the initial product was 3-hydroxy-1, 
2-benzoquinone (11). Attempts at isolation of the quinone by addition to 
the reaction solution of dimethy] sulphate or acetic anhydride yielded a methy] 
ether of purpurogallin on one hand and a mixture of acetates of purpurogallin 
. on the other. In order to characterize these compounds, the various methyl 
ethers and acetates of purpurogallin were prepared. This work is reported 


herein. 

The . methyl ether in question, m.p. 194.5-195°C., proved to be 
(I, Ri = Re = H, Rs = Me), identical with that prepared by Willstatter and 
Heiss (12) and by Critchlow, Haworth, and Pauson (5). The structure assigned 
is based on the evidence of the latter workers. 

A dimethyl ether, m.p. 156°C., and a trimethyl ether, m.p. 179.5-180°C., 
were obtained by treating a solution of purpurogallin with, respectively, two 
equivalents (7) and an excess of diazomethane (8). 


| 
wo 


I 


The dimethyl ether has been proved recently by synthesis to possess the 
stiucture (I, Ry = H, Re = R3 = Me) (2, 3, 4). The trimethyl ether has the 
structure (I, Ri = Re = R3 = Me) (7). Purpurogallin tetramethyl ether, 
m.p. 91-92°C., was prepared as described by Willstatter and Heiss (12). 

A monoacetate, m.p. 182-183°C., two diacetates, m.p. 159-160°C. and 
m.p. 208-209°C., and a triacetate, m.p. 161.5-162.5°C., were prepared by 
treating solutions of purpurogallin in pyridine with the appropriate amounts 


1 Manuscript received December 18, 1951. 
Contribution from the Department of Chemistry, Mount Allison University, Sackville, 


2 Present address: Science Service Laboratory, Department of Agriculture, London, Ont. 
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of acetic anhydride. Purpurogallin tetracetate was prepared according to 
Perkin and Steven (10). The positions of the acety! groups on the purpuro- 
gallin moiety can be shown with a fair degree of certainty by a simple analysis 
of the ultraviolet absorption spectra of these derivatives and of the methyl 
ethers and their acetates. 
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Fic. 1. Absorption spectra. ———— Purpurogallin. —--- Purpurogallin tetra- 
methyl ether. ........ Purpurogallin tetracetate. 
Fic. 2. Absorption spectra. -—-————  Purpurogallin trimethyl ether monoacetate. 


---- Purpurogallin dimethyl ether diacetate. 


The absorption spectra of purpurogallin tetramethyl ether (Fig. 1), purpuro- 
gallin tetracetate (Fig. 1), purpurogallin trimethyl ether monoacetate (Fig. 2), 
and purpurogallin dintethyl ether diacetate (Fig. 2) are similar. They differ 
from the spectrum of purpurogallin especially in lacking the absorption maxima 
at 430 and 304 my, and in having absorption peaks in the neighborhood of 
325 and 275 mu. These differences are attributable to the etherification 
and/or acetylation of all four hydroxyl groups of purpurogallin, preventing 
the formation of the chelate ring (1). 
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Fic. 3. Absorption spectra. —————  Purpurogallin monomethy] ether. ---- 
Purpurogallin dimethyl] ether. 
Fic. 4. Absorption spectra. _——-—-— Purpurogallin monoacetate. ----—- Purpuro- 


gallin diacetate I (m.p. 159-160°C.). 


For purpurogallin monomethy] ether (I, R; = Rz = H, Rs = Me) and pur- 
purogallin dimethy! ether (I, Ry = H, Re = Rs = Me), the spectra (Fig. 3) 
are almost superimposable on the spectrum of purpurogallin itself (Fig. 1). 
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Differences (lack of an absorption maximum at 430 my, shifting of the two 
peaks at 357 and 377 mu to shorter wave length to form a broad band with 
slightly greater extinction, and structural changes below 320 mu) appear in 
the spectra of the derivatives in which the hydroxyl group of the tropolone 
ring is not free (i.e., I, Ry = Me or Ac), as in purpurogallin trimethy! ether 
(Fig. 5) (and purpurogallin triacetate (Fig. 5), purpurogallin monomethy] 
ether diacetate (Fig. 6); see Postulates 4 and 5, below). 





























360 400 440 
A (mp) 
Fic. 5. Absorption spectra. ——_—_—_— Purpurogallin trimethyl ether. ---- 
Purpurogallin triacetate. 
Fic. 6. Absorption spectra. -~-———— Purpurogallin diacetate II (m.p. 208-209°C.). 


----  Purpurogallin monomethyl ether diacetate. 


From these observations, it may be postulated that: 

(1) Purpurogallin monoacetate, m.p. 182-183°C., (Fig. 4) has the structure 
I, R; = H, and either Re. = Ac, R; = H or R: = H, R; = Ac. 

(2) Purpurogallin diacetate I, m.p. 159-160°C., (Fig. 4) is I, Ri = H, 
Ro = Rs; = Ac. 

(3) Purpurogallin diacetate II], m.p. 208-209°C. (Fig. 6) has the structure 
R, = Ac and either Re = Ac, R; = H or R. = H, R; = Ac. 

It may be suggested further, that, because the spectra of the diacetate I] 
and the monomethy] ether diacetate (Fig. 6) are so similar and because diace- 
tate II can be made from the monoacetate of purpurogallin, (a) diacetate I] 
has the structure I, Ry = Re = Ac, R; = H, and (}) purpurogallin mono- 
acetate has the structure I, Ri: = R3 = H, Re = Ac. 

(4) Purpurogallin triacetate is 1, Ri = Re = R3 = Ac. 

(5) Purpurogallin monomethy] ether diacetate has the structure I, Ri = 
Ro» = Ac, R3 = Me. 

Nierenstein and Spiers (9) mention a monoacetate of purpurogallin, m.p. 
169-170°C. In our hands, no trace of a monoacetate of this melting point 
was obtainable by acetylation of purpurogallin, and treatment of the tetrace- 
tate with acetic acid according to Nierenstein and Spiers yielded only mixtures 
of purpurogallin monoacetate, m.p. 182-183°C., and purpurogallin diacetate 
I, m.p. 159-160°C. Deacetylation of the acetates of purpurogallin was ob- 
served to occur also in ethanol solution. 
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EXPERIMENTAL* 
Pur purogallin 

Purpurogallin was obtained by oxidation of pyrogallol with potassium 
iodate (6) and purified by crystallization from a solution of phenol in acetic 
acid (7), glistening copper-colored needles, m.p. 276°C. Calc. for Ci,sHsO5: C, 
60.0; H, 3.6%. Found: C, 60.0, 59.9; H, 3.7, 3.8%. 

Purpurogallin Monomethyl Ether 

This derivative was prepared by Thorn and Purves (11), m.p. 194.5-195°C. 
(corr.). It has been prepared by Willstatter and Heiss (12), m.p. 182-183°C.., 
and by Critchlow, Haworth, and Pauson (5), m.p. 193°C. 

Purpurogallin Dimethyl Ether (7) 

To 1 gm. of purpurogallin in ether—dioxane solution at 0°C. was added a 
cold ether solution of two equivalents of diazomethane prepared from nitro- 
somethylurea. Evaporation of the solution to dryness and crystallization 
of the residue from ethanol gave shiny orange needles, m.p. 156°C. Calc. for 
C13H1.0;: CH;0, 25.0%. Found: CH;0, 24.9, 24.6%. 

Purpurogallin Trimethyl Ether 

This was prepared according to the method of Herzig (8) by treating a 
solution of purpurogallin in ether-ethanol with excess diazomethane. Fine 
yellow needles formed on standing overnight, m.p. 179.5-180°C.; literature 
(12), m.p. 175-177°C., (7), m.p. 176°C. Cale. for CisHisO5: CHO, 35.5%. 
Found: CH,0O, 35.4, 35.5%. 

Purpurogallin Tetramethyl Ether 

This ether was prepared according to the method of Willstatter and Heiss 
(12) by methylation of the trimethyl ether with potassium hydroxide and 
dimethyl sulphate, m.p. 91-92°C., from aqueous methanol; literature, 
m.p. 92°C. (1), m.p. 93°C. (12). 

Purpurogallin Monoacetate 

Acetic anhydride, 0.86 cc. (0.0091 mole), was added slowly with shaking 
over a period of one-half hour to a solution of 2.00 gm. (0.0091 mole) of pur- 
purogallin in 25 cc. of pyridine on the steam bath. After a further 20 min. on 
the steam bath, most of the solvent was removed by distillation in vacuum, 
and 30 cc. of ether was added to the residue to precipitate 2.23 gm. of light 
brown material, m.p. 165-170°C. Three crystallizations from ether — ethyl 
acetate (Norite) raised the melting point to 182-183°C. Calc. for C1s3H Os: 
C, 59.6; H, 3.84; CH;CO, 16.4%. Found: C, 59.6, 59.7; H, 3.82, 3.86; 
CH;CO, 16.5%. 

Purpurogallin Diacetate I 

Acetic anhydride, 1.72 cc., was added slowly with shaking to 2.00 gm. of 
purpurogallin in 25 cc. of pyridine. The flask was stoppered, shaken vigo- 
rously for five minutes, and after 30 min. the reaction mixture was poured 
into 300 cc. of ice-water to give a yellow precipitate, 1.06 gm. The diacetate 
melted after several crystallizations from ether — ethyl acetate (Norite) at 


159-160°C. Calc. for C1sH 1207: CH;CO, 28.3%. Found: CH;CO, 28.1%. 


*All melting points were uncorrected, unless otherwise noted. 
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or 


Purpurogallin Diacetate II 

(a) Acetic anhydride, 1.92 cc., was added drop by drop to 2.24 gm. of 
purpurogallin in 30 cc. of pyridine and heated on the steam bath for 40 min. 
Removal of most of the solvent by distillation in vacuum, followed by 
addition of ether, gave an orange precipitate, 2.90 gm., m.p. 165-172°C. 
Three crystallizations from ether — ethyl acetate (Norite) gave shining orange- 
red prisms, m.p. 208°C. 

(b) Acetic anhydride, 0.19 cc., was added dropwise with shaking to 0.516 gm. 
of purpurogallin monoacetate in 7 cc. of pyridine on a boiling water bath. 
The reaction mixture was left on the water bath a further 10 min., then most 
of the pyridine was evaporated in vacuum and a few cubic centimeters of 
ether added to the residue gave an orange precipitate, 0.548 gm., m.p. 168- 
173°C. Two crystallizations from ethyl acetate raised the melting point to 
208-209°C. Calc. for CisHi207: CH;CO, 28.3%. Found: CH;CO, 27.0%. 

A mixture of diacetate I and diacetate II melted at 145-150°C. 


Purpurogallin Triacetate 

Acetic anhydride, 3.86 cc., was added in small portions with shaking to 
- 3.00 gm. of purpurogallin in 30 cc. of pyridine. The flask was stoppered, 
shaken vigorously, let stand for 30 min., and the contents poured into 300 cc. 
of ice-water with stirring. A bright yellow precipitate was obtained, 3.47 gm., 
m.p. 154-156°C. The triacetate melted after two crystallizations from ether — 
ethyl acetate at 161.5-162.5°C. Calc. for CivHisOg:C, 59.0; H, 4.08; 
CH;CO, 37.3%. Found: C, 58.5, 58.5; H, 4.18, 4.16; CHsCO, 35.4, 36.1%. 


Purpurogallin Tetracetate 

This was obtained in 50% yield by acetylation of purpurogallin according 
to Perkin and Steven (10), m.p. 192-193.5°C. from ethanol; literature (10), 
m.p. 186°C. 


Diacetate of Purpurogallin Monomethyl Ethyl Ether 

A solution of 0.2 gm. of purpurogallin monomethy] ether in 10 cc. of acetic 
anhydride containing 1 cc. of pyridine was heated under reflux for 30 min., 
then diluted with water. Yellow material separated, 0.17 gm., m.p. 148-150°C. 
Repeated crystallization from ethanol raised the melting point to 156-157°C. 
Calc. for CisHi407: C, 60.4; H, 4.43; CH;CO, 27.0; CH;0, 9.8%. Found: 
C, 59.3, 60.0; H, 4.68, 4.60; CH;CO, 27.4; CH;0, 9.8, 9.7%. 
Diacetate of Purpurogallin Dimethyl Ether 

A solution of 0.25 gm. of purpurogallin dimethyl ether in 5 cc. of acetic 
anhydride was heated under reflux for two hours, then diluted with water. 
Pale yellow material separated, 0.25 gm. Two crystallizations from ether — 
ethyl acetate yielded the pale greenish-yellow diacetate, m.p. 194-196°C. 
Calc. for Ci7H1e07: CH;0, 18.37%. Found: CH;0, 18.32, 18.38%. 
Monoacetate of Purpurogallin Trimethyl Ether 

A solution of 0.10 gm. of purpurogallin trimethyl ether in 5 cc. of acetic 
anhydride and 1 cc. of pyridine was heated under reflux for 45 min. Most of 
the solvent was removed in vacuum and a few cubic centimeters of ether was 
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added. Transparent plates, 0.10 gm., separated out, m.p. 145-146°C. Crys- 
tallization from ether — ethyl acetate gave colorless crystals of m.p. 145.5- 
146°C.; literature (10) gives m.p. 140-143°C. Calc. for CisHieOg: CH;0, 
30.6%. Found: CH;0, 30.5%. 
Absorption Spectra 

Absorption spectra were measured on a Beckman Model DU spectrophoto- 
meter. The solvent employed in all cases was purified dioxane. 
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THE QUANTITATIVE DETERMINATION OF THE FREE 
MONOXIDES OF CALCIUM, STRONTIUM, AND BARIUM 
AND OF CALCIUM ETHYLATE BY THE ALCOHOL-GLYCEROL 
METHOD! 


By E. G. SWENSON AND T. THORVALDSON 


ABSTRACT 

The alcohol-glycerol method for the determination of free calcium oxide in 
solid systems can be used to determine the monoxides of strontium and barium 
with a similar degree of precision. The determination of calcium ethylate by this 
method shows promise. The soluble magnesium salts, magnesium chloride and 
magnesium acetate, interfere with the determination of the oxides through a 
replacement reaction liberating magnesium oxide. The chlorides of calcium, 
strontium, and barium increase the initial titer obtained in the determination of the 
monoxides of calcium and strontium, but have no such effect in thedetermination of 
barium oxide. For calcium oxide this increase in titer for equimolecular concen- 
trations of the chlorides is in the ascending order: barium, strontium, calcium; 
for strontium oxide the effectiveness is in the reverse order. The method involves 
reactions between the monoxides and glycerol to form titratable metal triglycerol 
hydroxides and possibly two nontitratable products, the mono- and di-glycer- 
oxides of the metals. The relative amounts of these.compounds appear to be 
determined by the physical state of the oxide, the period of heating, the ratio of 
alcohol to glycerol, and the amount of water present. 

The original object of this work was to determine whether the alcohol— 
glycerol method for free lime (6) is also applicable to the quantitative deter- 
mination of the free monoxides of barium and strontium. It was later 
extended to the study of the effect of accelerators and of the inhibiting action 


of magnesium chloride on the process. 


The experimental procedure used has already been described (7). The 
glycerol was redistilled at reduced pressure. As samples of barium oxide 
and strontium oxide of unquestioned purity were not available, the ammonium 
acetate solution was standardized against pure calcium oxide. Later work 
with barium hydroxide indicated that calcium oxide may be used for this 
purpose without introducing error. 


THE DETERMINATION OF FREE BARIUM OXIDE 

A sample of barium oxide was obtained by the decomposition of a ‘‘reagent”’ 
grade of hydrated barium nitrate, with final heating at 1000° to 1050°C. for 
one hour. The sample was ground rapidly and stored in a weighing bottle 
in a desiccator over magnesium perchlorate and calcium oxide. Preparation 
of the oxide from the nitrate in this manner produced some barium peroxide 
which was determined separately (8). It was found, however, that barium 
peroxide, after refluxing with the alcohol—glycerol solution, does not give any 
titer with ammonium acetate. Table I gives the results of the application 
of the alcohol—glycerol method to this sample of barium oxide with and with- 
out the addition of some anhydrous salts, which give accelerating action in 

1 Manuscript received November 9, 1951. 
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the determination of free lime (1, 7). The period of refluxing between titra- 
tions was 20 min. 





























TABLE I 
DETERMINATION OF BaO BY THE ALCOHOL-GLYCEROL METHOD 
l ] :~ 
Weight of | Titer NH,OAc solution | Total | % 
sample, Accelerator, § |————______—__—_- oe Time, BaO 
gm. gm. | Initial, ml. | Total, ml. | hr. : min. obtained 

0.2973 wane | i356 | i712 | 4:20 | ~~ #943 
0.3018 none | 160 | 17.52 | 4:20 | 95.1 
0.3063 CaCl. — 0.200 | 16.2 17.69 | 4:20 | 94.6 
0.3099 | SrCl, — 0.285 | 16.5 | 18.00 4:20 | 95.1 
0.3044 | BaCl, — 0.375 | 16.1 | 17.48 4:20 | 94.0 
Mean 94.6 





Analysis of the sample used in Table I gave the following results: barium 
dioxide, 1.52% (8); silica, 1.34%; loss on ignition at 980°C., 0.8%; total 
barium, determined as sulphate and calculated to barium oxide, 97.2%. 
Correcting for barium dioxide, the value for barium oxide becomes 95.7% as 
compared with 94.6% free barium oxide by the alcohol-glycerol method. It 
is probable that there was some combination of barium oxide with silica 
during the preparation of the sample, thus lowering the value for the free 
oxide. Only traces of other elements were found. 

Another grade of commercial barium nitrate of somewhat inferior quality 
was converted to barium oxide in the same manner. The results were similar 
except that the value obtained for free barium oxide was 92.0%. 

It was found that different samples of barium oxide, prepared from the same 
sample of hydrated barium nitrate by heating, gave widely different rates of 
extraction in the alcohol-glycerol solution, indicating that the reactivity of 
barium oxide is affected by slight variations in the method of preparation. 

The presence of the chlorides of calcium, strontium, and barium which 
produce acceleration in the determination of calcium oxide have no effect 
either on the rate or on the value obtained in the determination of barium 
oxide. In Table I the salts are present in equimolecular concentrations. In 
other series, quantities varying from 0.2 to 1.0 gm. were used with similar 
results. Furthermore, for a variation in the weight of the sample of barium 
oxide from 0.1 to 0.3 gm., a proportional change occurred in the first 20 min. 
titer. The oxide in the quantities used dissolved rapidly in the alcohol- 
glycerol mixture to give in the main a titratable product so that over 90% of 
the BaO present is determined by the first titer. 

A sample of barium hydroxide octahydrate of very high purity (A.C.S. 
Specifications) was also used. This was dehydrated at room temperature 
in vacuo to the monohydrate (Ba(OH)2.H:O) and by heating at 260°C. to 
the hydroxide. The octahydrate dissolved rapidly in the alcohol-glycerol 
solution at room temperature and was titrated by a single titration. The end 
point must, however, be determined in the hot solution, as in the determination 
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of calcium oxide, to avoid overtitration. The monohydrate dissolved some- 
what more slowly, but after refluxing 0.2 gm. samples for 10 min. about 99% 
of the total was titratable, the end point being reached after boiling for an 
additional 10 min. The end point with the hydroxide was reached after 
three 10 min. refluxing periods. This compares with more than four hours 
required for the corresponding determination of anydrous barium oxide 
(Table 1). The values obtained for the barium oxide in the three products 
were consistent on the basis of the original weight of the octahydrate, the 
latter containing about 1% of barium carbonate which remains unchanged 
during the dehydration of the octahydrate to barium hydroxide. 
Standardization of the ammonium acetate solution with pure calcium oxide 
thus appears satisfactory. This avoids the difficulties involved in the pre- 
paration of pure barium oxide which attacks platinum at the temperature 
necessary for complete dehydration and removal of carbon dioxide. 


As in the case of the determination of free lime (7), the presence of mag- 
nesium chloride was found to interfere with the determination of free barium 
oxide. Presence of magnesium sulphate had no effect. The last named is 
only very slightly soluble in the 5 to 1 alcohol—glycerol mixture. 


THE DETERMINATION OF FREE STRONTIUM OXIDE 
A sample of strontium oxide was obtained by ignition of “reagent” strontium 
nitrate at about 1000°C. with subsequent grinding. Table II gives the results 
of the application of the alcohol-glycerol method to this sample without 
accelerator and with chlorides of calcium, strontium, and barium in 
equimolecular proportions. 



































TABLE II 
DETERMINATION OF SrO BY THE ALCOHOL-GLYCEROL METHOD 
Weight of Titer NH,OAc solution Total % 
sample, Accelerator, time, SrO 
gm. gm. Initial, ml. Total, ml. hr. : min. obtained 

0.2002 None 2.4 17.26 5:00 ; 95.4 
0.2052 None 4.8 17.64 5:00 95.2 
0.1979 CaCl. — 0.200 9.0 16.99 6 : 00 95.0 
0.1949 Sr Cl. — 0.285 13.1 16.83 3:20 95.6 
0.1914 BaCl, — 0.375 14.6 16.57 3:20 95.8 

Mean 95.4 





Analysis of the samples of strontium oxide, of Table II, gave 0.49% stron- 
tium dioxide (8), 0.92% silica, and a loss on ignition at 980°C. of 0.8%. Only 
traces of other elements were found. Determination of total strontium as 
the oxalate gave 96.7% SrO which, after correction for strontium dioxide, 
gives 96.3%, as compared to 95.4% for free SrO. The difference is probably 
due to combination of silica with strontium oxide and a small amount of 
carbonate present. 

Several samples of strontium oxide were prepared and a series of analyses 
were made varying the weights of the oxide used as well as the amounts of 
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the salt accelerators added. The initial titer was not proportional to the 
amount of oxide used (for quantities of 0.1 to 0.2 gm. SrO) thus behaving 
more like CaO than BaO. The chlorides of calcium, strontium, and barium 
all act as accelerators on the first titer, the effect of equimolecular concentration 
increasing in the above order. This is in the reverse order to that found in 
the determination of calcium oxide (7). The total time was reduced with 
SrCl, and BaCl, but not so with calcium chloride, perhaps partly because 
the white precipitate formed made decision of end points difficult. There 
appears to be no significant change in the total value for free SrO obtained 
with or without accelerators. The method of preparation of the strontium 
oxide appeared to have less effect on the progress of the determination than 
was the case with barium oxide. The presence of magnesium chloride was 
found to interfere with the determination. 

Magnesium oxide, when refluxed with 5:1 alcohol-glycerol mixture con- 
taining phenolphthalein, gives no color in the solution and is therefore not 
titratable. The solid, however, takes on a pink tint. 

From the experimental work recorded, it would appear that the alcohol- 
glycerol method, as used for the quantitative determination of free lime, is 
also suitable for the determination of free barium oxide and strontium oxide 
probably with a similar order of precision as for free lime. The chlorides of 
calcium, strontium, and barium have no effect on the determination of free 
barium oxide, but give an accelerating effect with strontium oxide and calcium 
oxide (7). Magnesium oxide can not be determined by the method and the 
presence of magnesium chloride interferes with the determination of the other 
oxides. 

THE DETERMINATION OF CALCIUM ETHYLATE 

The possibility that calcium ethylate may play a part as a titratable inter- 
mediate product in the alcohol-glycerol determination of free lime was con- 
sidered. If so, one might expect that this compound could be determined by 
a single titration with ammonium acetate. The ethylate was prepared by 
refluxing anhydrous ethyl alcohol (99.9%) with freshly cut shavings of metallic 
calcium in an atmosphere of dry oxygen-free nitrogen. The system was 
protected against access of air or moisture. The product was recrystallized 
from absolute alcohol and the adhering alcohol removed in vacuo at room 
temperature. Several crystalline samples were thus obtained. The samples 
appeared to behave like calcium oxide on alcohol-glycerol extraction and 
titration except that the time required without accelerator was somewhat 
shorter than with pure calcium oxide. Strontium chloride gave good accelera- 
tion, cutting the time required to about one-half or less. The similarity of 
the titration of calcium ethylate and calcium oxide and the fact that when 
the ratio of alcohol to glycerol is increased above 5 to 1 there is a rapid falling 
off in the rate of titration of free lime indicate that the ethylate does not play 
a part in the titration of calcium oxide. Furthermore the solid products 
formed on prolonged refluxing of calcium oxide with 5:1 alcohol-glycerol 
solution contained no alcohol. 
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The method may be of use in determining calcium ethylate. The precision 
was very good and the values obtained with and without the use of an accelera- 
tor were in good agreement. Further experimental work would be necessary 
to determine the accuracy of the method. 
The presence of magnesium chloride interfered with the determination as 
in the case of the alkaline earth oxides. 


THE INHIBITING ACTION OF MAGNESIUM CHLORIDE 

A further study was made of the interference of magnesium chloride in 
the determination of the free oxides of the alkaline earths by the alcohol- 
glycerol method. Incidentally, it was found that the presence of magnesium 
acetate interferes in a similar manner. 

Anhydrous magnesium chloride was prepared by passing pure dry hydrogen 
chloride over the heated hexahydrate of magnesium ammonium chloride until 
all the water and ammonium chloride had been volatilized. The sample was 
then cooled in a current of purified dry air and transferred quickly to weighing 
bottles. A gravimetric determination of magnesium gave 98.9% magnesium 
chloride while a volumetric determination of chloride gave 98.5% magnesium 
chloride. A solution containing 1 gm. magnesium chloride in 100 ml. of 
anhydrous 5:1 alcohol-glycerol mixture remained permanently clear and 
gave an equivalent conductivity of 4.3 reciprocal ohms at 25°C. 

The quantitative determinations were made in the usual manner. A 
weighed quantity of the alkaline earth oxide was introduced into a dry 125 ml. 
florence flask; 60 ml. of the alcohol-glycerol solution containing the requisite 
quantity of magnesium chloride was added, and the digestion carried out 
with titration with standard ammonium acetate solution at 20 min. intervals 
until no pink color appeared in the solution after an hour’s boiling. 


TABLE III 
EFFECT OF MgCl. ON THE DETERMINATION OF BaO, SrO, AND CaO 























BaO SrO CaO 
Molar ratio, | % BaO re- Molar ratio, % SrO re- Molar ratio, |° % CaO re- 
MgCl. | covered by MgCl. covered by MgCl, covered by 
BaO | titration SrO | titration CaO titration 
A* 0.55 55.5 053 | 537 0.45 64.5 
0.76 42.0 
0.85 28.7 0.92 | 23.0 0.90 30.5 
1.08 22.5 1.04 18.3 
ie | 22.0 1.06 | 16.6 1.35 13.4 
164 | 5.2 1.59 | 7.0 
2.19 | 0.0 2.12 0.0 1.80 0.0 
B** 0.43 | 62.1 0.43 64.0 
0.45 | 60.9 0.50 53.8 
0.86 26.4 0.75 35.6 
0.95 22.3 0.86 26.8 
1.00 | 17.2 0.95 21.8 
| 1.00 17.3 
1.48 | trace | 1.50 4.1 














*Using MgCl2.6H20 in Series A. 
** Using MgCl: (anhydrous) in Series B. 





262 CANADIAN JOURNAL OF CHEMISTRY. VOL. 30 


Table III gives the effect of varying the magnesium chloride present, while 
Table IV gives the effect of the presence of water in the reaction mixture. 
TABLE IV 


EFFECT OF WATER IN THE PRESENCE OF MgCle ON THE DETERMINATION 
oF BaO AND CaO 





























BaO CaO 
Molar ratio, | MolesH,0 | % BaOre- | Molar ratio, Moles H10 | % CaO re- 
MgCl. per mole | covered by | MgCl: | per mole covered by 
BaQ. | MgCl; titration | CaO MgCl: titration 
0.85 6 | 28.7 0.50 0 53.8 
6.5 26.0 | 6 53.4 
8 24.2 18 49.8 
16 | 16.2 | 1.00 0 17.3 
6 0.9 
18 0.0 





— 


Fig. 1 is a plot of the values obtained for the free oxide against the initial 
molar ratio of magnesium chloride to free oxide. The points for BaO and 
CaO with anhydrous magnesium chloride and for SrO with the hexahydrate 
of magnesium chloride fall upon a straight line (Curve 1) up to a ratio ap- 
proaching unity, at which point the recovery of the free oxides by titration has 
fallen to less than 20%, while at a ratio of about 1.5 the recovery approaches 
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Fic. 1. The effect of magnesium chloride on the titration of the free monoxides of barium, 
strontium, and calcium by the alcohol—glycerol method. 


zero. The values obtained for barium oxide and calcium oxide with 
MgCle.6H2O0 present are not essentially different. Lengthening the initial 
refluxing time from 20 to 120 min. did not reduce further the total titratable 
barium oxide, but the initial titer was slightly reduced. 


Addition of small amounts of water to the reaction mixture decreased pro- 
gressively the titratable amount of oxide. Occasionally the results were 
erratic. Values obtained with 16 to 18 moles of water per mole of magnesium 
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chloride (Curve 2 of Fig. 1) fall upon a straight line with no recovery of the 
oxide by titration when the ratio of magnesium chloride to free oxide reaches 
unity. 


With a freshly prepared sample of crystalline calcium ethylate and mag- 
nesium chloride in anhydrous alcohol-glycerol solution the total titer was 
reduced to 91% for a magnesium chloride to ethylate molar ratio of 0.100; 
to 49.3% for a ratio of 0.503; and to 1.0% for a ratio of 1.04. These points 
fall close to Curve 2. 


It would therefore appear that one mole of magnesium chloride is capable 
of neutralizing one mole of the free oxide or ethylate under the conditions of 
these experiments. In all cases, a solid, rendered slightly pink by the phenol- 
phthalein present, remained at the end of the run. As a solution of 1 gm. 
of magnesium chloride in 100 ml. of the alcohol—-glycerol solution remains 
clear on standing for more than a year, the reaction producing the precipitate 
appears to be between the magnesium salt and the free oxides. 


Two alternative explanations of the effect of magnesium chloride might be 
suggested: 


1. The formation of compounds of the type, MgCl:.CaO, 


2. Reactions of the type, CaO + MgCl; — CaCl. + MgO, with an alkaline 
earth hydroxide or a glycerol metal hydroxide as an intermediate product. 


To determine the nature of the reaction the following experiments were 
undertaken. Anhydrous magnesium chloride and calcium oxide in a molar 
ratio slightly above unity were refluxed with 60 ml. of alcohol-glycerol for 
approximately four hours. The solid was filtered off and washed with absolute 
alcohol. It was composed of magnesium oxide with minute traces of calcium 
and chloride. 


Barium hydroxide (containing a small amount of barium carbonate) was 
refluxed with alcohol-glycerol for about two and one-half hours in a similar 
manner with a 15% M excess of magnesium chloride. The solid, which was 
mainly in suspension, was separated by centrifuging and washed first with 
alcohol containing a little glycerol and then with absolute alcohol. The solid 
was composed of magnesium oxide with a small amount of barium (as 
carbonate) and a trace of chloride. 


It appears that the interference of magnesium chloride in the alcohol-— 
glycerol determination of the free oxides is due to a reaction of Type 2 above. 
The high values for the free oxides (Table III and Curve 1, Fig. 1), at first 
thought to be due to the slowness of the double decomposition, are probably 
caused by a second parallel reaction occurring in the nearly anhydrous medium 
with the formation of a glyceroxide (see below) which on further refluxing 
becomes titratable. This explanation is supported by the fact that the length 
of the initial refluxing period had no material effect on the final result, the 
lower initial titer being balanced by higher successive titers on further refluxing. 
Experiments described below also support this view. 
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THE MECHANISM OF THE ALCOHOL-GLYCEROL METHOD FOR DETERMINING 
THE FREE ALKALINE EARTH OXIDES 


Destrem (2) reported the preparation of anhydrous glyceroxides of the 
composition C;H;(OH)O.Ca and C3;H;(OH)O.Ba. Griin and. Bockisch (3) 
reported the preparation of triglycerol calcium hydroxide, Ca(OH) 2.38C3H5(OH)s, 
and Griin and Husman (4), of the analogous compounds of strontium and 
barium. The latter also reported the formation of a hydrated diglycerol 
calcium hydroxide, which they state liberates one molecule of glycerol on 
heating to 130°C. Wheeler (9) prepared a calcium diglyceroxide, 
Ca(C3H;(OH):O)>. as well as the calcium monoglyceroxide of Destrem and 
proposed the following chart to illustrate the relationship between the various 
compounds of calcium oxide and glycerol. 


Ca(OH): p - ° 
| 60 — 100°C. Ca(OH) (CsH(OH);); 00° = 100°C, Ca(CsH.(OH):0)2 
C;H;(OH); ma 2a i 120°¢ ee 

EE ee 150°C. 60°C. 


ageC. gies =. ae | 
CaO | ee oe x ‘peony 


+ C3;H;(OH)s 





C;H;(OH)s 


On the basis of the above and of experiments reported in this and in a 
previous paper (7) it is possible to propose a mechanism for the alcohol- 
glycerol determination of the free oxides of the alkaline earth metals. 

When a 5:1 alcohol-glycerol solution containing a small amount of water 
is refluxed with calcium oxide the first product formed is the triglycerol cal- 
cium hydroxide of Griin and Bockisch, or the diglycerol calcium hydroxide 
of Griin and. Husman, or possibly a mixture of these. The product is only 
moderately soluble in the 5:1 alcohol-glycerol mixture, but when suspended 
in the hot liquid redissolves during the titration with the ammonium acetate 
solution. 

In a completely anhydrous alcohol-glycerol mixture the easily titratable 
product, which is intensely colored by phenolphthalein, does not form. A 
product not colored by phenolphthalein, the diglyceroxide of Wheeler, or the 
monoglyceroxide of Destrem, or a mixture of these, separates out. This is 
not directly titratable with ammonium acetate. For nearly anhydrous solu- 
tions the initial titer is very small, but owing to the formation of water in 
the titration, successive titers show an increase to a maximum and then de- 
crease with the exhaustion of the free lime. The accelerating effect of the 
presence of small amounts of water is thus explained as well as the inhibiting 
effect of the presence of large amounts of tricalcium aluminate, pentacalcium 
trialuminate, and other dehydrating agents (7). 


On continued refluxing of the alcohol-glycerol mixture (containing a small 
amount of water) with calcium oxide, without titration, the easily titratable 
product first formed is changed to the almost insoluble diglyceroxide or 
monoglyceroxide of calcium or a mixture of the two. Both the formation of 
the titratable product and the subsequent production of the nontitratable 
glyceroxides are fairly slow processes at the boiling temperature of the mixture. 
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The first reaction is accelerated, and the second reaction is retarded by increas- 
ing the amount of water present but overtitration with ammonium acetate 
in the early part of the determination does not materially reduce the total 
time required for the determination (7). However, prolonging the initial 
refluxing period beyond a critical value reduces the initial titer, a point being 
reached when the rate of formation of the glyceroxides exceeds the rate of 
formation of titratable glycerol calcium hydroxide. The experimental evi- 
dence indicates that in a normal alcohol-glycerol determination of free lime 
a portion of the free lime is transformed into the very slightly soluble glycer- 
oxides and thus escapes titration in the early part of the process. As the 
free lime in the sample approaches exhaustion, the reverse process, i.e., the 
formation of the glycerol calcium hydroxide from the glyceroxides, proceeds 
slowly giving rise to a prolonged series of very small titers. 


The authors’ experience with the alcohol-glycerol determination of free 
lime over a period of many years appears to be wholly in accord with the 
above views as to the mechanism involved. A number of special experiments 
were also made to test these assumptions. Samples of calcium oxide were 
_ refluxed for 20 min. with 5:1 alcohol-glycerol solution and a portion of the 
hot supernatant liquid was removed by filtration. The titer of the filtered 
liquid was very small compared with the titer of the liquid containing the 
suspended solid, showing that some of the solid redissolves during the titration. 
In a similar experiment refluxing for six hours gave extremely small titers for 
both the filtered liquid and the liquid containing the solid, showing that the 
solid had been transformed to a nontitratable form. In another experiment 
with two hours of refluxing, the color of the clear filtered solution was dis- 
charged by the addition of a few drops of 0.1 M solution of ammonium acetate, 
but the color returned on further refluxing of the clear solution and it required 
three further refluxing periods of 10 min. each for a permanent end point to 
be reached. This supports the view that a small amount of the solid formed 
on prolonged refluxing is in solution but is not directly titratable, and that an 
equilibrium between the titratable and nontitratable glycerol—lime compounds 
exists in the solution, giving rise at least in part to the gradually diminishing 
titers towards the end of the determination of free lime. 


It was found that calcium oxide heated with glycerol in a bath at 120°C. 
for short periods of time (about 10 min.) and then diluted with absolute 
alcohol gave mainly a titratable product; after the first titration there re- 
mained a light suspension of a solid, which was not colored by phenolphthalein. 
This suspended solid reverted slowly to the titratable form on repeated 
refluxing and titrating in the usual manner. On the other hand similar 
treatment of calcium oxide and glycerol for five hours at 150°C. gave only a 
small amount of titratable product with a large amount of precipitate re- 
maining after the first titration. Reversal to the titratable product on 
further refluxing was very slow. 

Analysis of the solid products present after short periods of refluxing, under 
conditions comparable to those used in the determination of free lime, cannot 
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be expected to give any conclusive information as to the mechanism on 
account of the mixtures involved. Some of the solid products obtained 
after lengthy refluxing were analyzed. Several samples of calcium oxide 
weighing less than 0.05 gm. were refluxed with 60 ml. of 5:1 alcohol—glycerol 
mixture for from three to six hours; the solids were filtered off by suction, 
washed with hot absolute alcohol, and brought to constant weight in vacuo. 
The molar ratio of glycerol* to calcium oxide varied from 1.02 to 1.07. Average 
values on the basis of the product as 100 were glycerol, 70; calcium oxide, 41. 
This indicates that the nontitratable solid produced may be a mixture of 
Destrem’s calcium monoglyceroxide (corresponding calculated values, glycerol, 
70.8; calcium oxide 43.0) and Wheeler’s calcium diglyceroxide (glycerol, 82.9; 
calcium oxide, 25.2), mainly the former. Another series with larger amounts 
of calcium oxide and another preparation of alcohol—glycerol, refluxed for 
two to five hours, gave an average glycerol — calcium oxide ratio of 1.55 and 
average values of 76.8% glycerol and 30.5% calcium oxide, indicating a 
mixture of the same compounds in different proportions. No clear-cut rela- 
tion of the values obtained to the time of refluxing was observed. 

The mechanism involved in the determination of the free oxides of barium 
and strontium appears to be essentially the same as for calcium oxide. Accor- 
ding to Griin and Husman (4) triglycerol barium hydroxide forms when the 
octahydrate of barium hydroxide is added to glycerol. As stated above the 
titratable product is ‘completely soluble in anhydrous 5:1 alcohol-glycerol 
solution, and appears to be much more stable in the solution than the corres- 
ponding slightly soluble calcium compound. The barium glyceroxide of 
Destrem (2) probably does not form under these conditions even on prolonged 
refluxing on account of the water present. According to Destrem the mono- 
glyceroxide forms when barium oxide is heated with anhydrous glycerol at 
70°C. so it would appear that when barium oxide is refluxed with the alcohol- 
glycerol solution this compound will form if there is not enough water present 
to form the triglycerol barium hydroxide. The large initial titer of the 
determinations of Table I with the subsequent long series of small titers 
before a permanent end point is reached supports the view that a nontitratable 
glyceroxide is formed to a small extent in this case and that on further re- 
fluxing a slow reconversion to the titratable form takes place. On this basis 
the difference in the behavior of the octahydrate and the monohydrate of 
barium hydroxide, and barium oxide described above may be explained. 

The solubility of triglycerol strontium hydroxide is intermediate between 
that of the corresponding compounds of barium and calcium. The deter- 
mination of strontium oxide resembles that of calcium oxide more than barium 
oxide. 

The accelerating effect of the chlorides of the alkaline earth metals on the 
determination of the monoxides of calcium and strontium is probably related 
to the capacity of these salts to form soluble complexes with large amounts of 
glycerol as shown by Griin and collaborators. Similar soluble complexes are 


*See Strebinger and Streit method (5). 
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possibly formed with the glycerol compounds of the metallic oxides. The 
net result appears to be the stabilization of the titratable glycerol compounds 
of the oxides. In the case of the more stable titratable compound of barium 
oxide there is some evidence of slight inhibiting effect. It was found that 
when the three oxides are added to the alcohol-glycerol solution containing 
phenolphthalein, the color appears immediately in the solution with barium 
oxide while some time elapses before it appears with the other oxides. When 
the accelerating salts are present the reverse is the case. 


Further study and standardization of the alcohol-glycerol method for 
determining free lime in Portland cement on the basis of the optimum amount 
of water in the reagents appears to be desirable. 
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REACTION OF OXYMERCURIALS WITH HYDRAZINE! 
By GEORGE F WRIGHT 


ABSTRACT 


The reduction of 2-methoxyalkylmercuric halides by hydrazine hydrate is 
thought to proceed through mercuri-bis-2-methoxyalkane, which decomposes to 
give 2-methoxyalkane radicals. These radicals may lose or gain a hydrogen atom 
to form 2-methoxyalkene or alkane. The reaction seems to be definitive for 
structure proof. The dis-mercurial from the (a) 2-methoxycyclohexylmercuric 
chloride which is formed directly from cyclohexene is less stable than the 
diastereomeric (8) bis-mercurial, which can be purified by distillation. Conver- 
sion of this (8) bis-mercurial to pure 8-2-methoxycyclohexylmercuric chloride 
shows that this reaction occurs by direct replacement. The hydrazine reduction 
may be used to convert 8-1-chloromercuri-2-methoxy-1,2-diphenylethane (from 
trans-stilbene) to the a-diastereomer. Since the B-isomer in this case is more 
readily hydrolyzable than thea-isomer, and each isomer may be converted cleanly 
back to its parent alkene, the series of reactions provides a method of converting 
trans- into cis-stilbene. 


There are two chemical methods for structure proof of organo6xymercurials 
but neither is of general or reliable applicability. Firstly, the mercuri group 
may be replaced by bromine or iodine, but configuration is lost by this halo- 
genation and the a-oxyalkyl halide decomposes easily. The second method, 
used originally by Sand and Singer (7), involves conversion of an alkoxyalkyl- 
mercurial to the alkoxyalkane with sodium amalgam. Oftentimes this alloy 
simply regenerates the original alkene from which the alkoxyalkylmercurial 
was prepared. This result is predictable since it is known that other a-alkoxy- 
organometallic compounds behave similarly, and the a-methoxyalkylsodium 
presumably is an intermediate in the reduction of the mercurial. In view of 
the limitations of these two methods it seemed worthwhile to seek a novel 
technique for structure proof. 

Some years ago Gilman and Wright (4) found that organomercuric salts 
could be ‘“‘reduced”’ to the corresponding mercuri-bis-organic compound by 
hydrazine hydrate. Later, it was found by Romeyn and Wright (5) that a 
partial conversion of this type could be utilized to establish an equilibrium 
between the two 1-methoxy-2-chloromercuricyclohexanes. The low yields in 
this equilibration indicated the possibility that further reduction was occurring. 
A reinvestigation has now shown that the precipitation of metallic mercury is 
greater than can be accounted for by formation of 2-mercuri-bis-1-methoxy- 
cyclohexane. A second product has been sought and found largely to be 
methoxycyclohexane. 

The reduction is carried out by solution of a-1-methoxy-2-cyclohexy]- 
mercuric chloride (I) in boiling alkali to which the hydrazine hydrate is then 
added. Precipitation of metallic mercury and a heavy oil of low volatility 
occurs. Analysis of this heavy oil shows that it is largely 2-mercuri-bis-1- 
methoxycyclohexane (II). More slowly a volatile liquid, largely methoxy- 
cyclohexane (IV), collects in the reflux condensate, from which it may be 


1 Manuscript received November 2, 1951. ; a 
Contribution from the Department of Chemistry, University of Toronto, Toronto, Ont. 
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separated. It thus appears that II is formed initially and it then decomposes 
to IV. However, the formation of volatile liquid ceases before all of the 
heavy oil has decomposed. 
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The methoxycyclohexane is contaminated with methoxycyclohexene (V, 
identified as the dinitrophenylhydrazone of its hydrolysis product, cyclo- 
hexanone) in inverse ratio to the excess of hydrazine hydrate used in the 
reaction. This behavior would not be unexpected if the initially formed 
mercuri-bis-methoxycyclohexane (II) were to decompose into metallic mercury 
and methoxycyclohexy] radicals (II1). The latter would then disproportion- 
ate to give IV and V by hydrogen atom exchange, or else would be reduced by 
hydrazine to give methoxycyclohexane (IV) alone. 

Support for this mechanism is afforded by a close examination of the heavy 
oil which is designated as the bis-mercurial (II). When this oil was isolated 
(in low yield) after a long period of reaction and then was converted by 
methanolic mercuric acetate and aqueous sodium chloride to 2-methoxycyclo- 
hexylmercuric chloride (1) the latter derivative was found to comprise entirely 
the B-diastereomer. On the other hand, comparable treatment of the heavy 
oil isolated (in larger yield) after a short reaction period gave a diastereomeric 
mixture of I. Presumably the a,a-mercuri-bis-methoxycyclohexane is less 
stable over a period of time than the 8, 6-diastereomer, the a, 8-isomer probably 
being intermediate in stability. 

This instability probably is due to thermal decomposition. The heavy oil 
isolated from a reduction of short duration could be distilled at 0.01 mm. but 
metallic mercury separated during the process, while both methoxycyclo- 
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hexane (IV) and methoxycyclohexene (V) were found in the dry-ice trap 
connected in series with the receiver. The distillate which condensed in the 
water-cooled receiver gave a diastereomeric mixture of 2-methoxycyclohexyl- 
mercuric chlorides when it was treated with mercuric acetate and sodium 
chloride. The composition of this high-boiling distillate was found by elemen- 
tal analysis to conform with that of the bis-mercurial (II). However, when 
this distillate was redistilled repeatedly the separation of metallic mercury 
finally became negligible, although the elemental analysis of the distillate 
did not change. When this repeatedly-distilled mercuri-bis-2-methoxycyclo- 
hexane was treated with methanolic mercuric acetate and then with aqueous 
sodium chloride, the resulting 1-methoxy-2-cyclohexylmercuric chloride was 
found to be the pure 8-diastereomer. 

When the thermal decomposition at the same temperature (135°C.) was 
carried out at atmospheric pressure the same products (IV and V) were ob- 
tained together with methanol and cyclohexene. The latter substances 
must have been formed from the methoxycyclohexy]! radicals since methoxy- 
cyclohexane and methoxycyclohexene are stable at this temperature. 

Further evidence that the decomposition is homopolar (i.e., radical) is 
provided by the observation that the mercuri-bzs mixture is stabilized by 
isolation under nitrogen or by addition of an antioxidant such as hydroquinone. 


It must be considered significant that the stable bzs-mercurial II (which 
is undoubtedly the 8, 6’-diastereomer) should be converted by mercuric salt 
into diastereomerically pure 8-2-methoxycyclohexylmercuric salt. The re- 
placement of R-Hg-C by Cl-Hg—C evidently must take place in a direct 
manner, perhaps according to the following mechanism: 








1,3 
R-Hg-R + HgX,2 —> R-Hg-R > XHgR 
t rearr. 4. 
xX RHgX . 


| 


Hg-X 


Since the opposite reaction (conversion of 2RHgX into RzHg and HgX_2) does 
not produce diastereomerically-pure b7s-mercurial, it evidently does not follow 
this mechanism. Alternatively it is suggested that cyclohexylmercuric 
hydroxide loses hydroxy] radical to the hydrazine, while dimercuri-bis-methoxy- 
cyclohexane, 














2RHgOH +> R-Hg—-Hg-R > (RHg-) + Hg + (R-) 
7 NaOH + ie 
2RHgCl 2 — OH RHgR + Hg 


initially formed, may decompose into methoxycyclohexylmercuri radical and 
methoxycyclohexy! radical. These two radicals may then combine to give 
mercuri-bis-methoxycyclohexane II. Subsequently this diastereomeric mix- 
ture (a, a and a, 8) of II may decompose, preferentially at the a-linkage, 
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RHgR{—— _*(RHg-) + (R-) 


and subsequently recombine directly or (if the (R—) radical disproportionates 
to RH/R minus H) via recombination to R-Hg—Hg-R. The dimercuri-bis- 
compound (R-Hg—Hg-R) which is the essential feature of this mechanism 
was originally postulated by Sand (6). 


In addition to its usefulness as a reaction for structure proof of organo6éxy- 
mercurials the reduction with hydrazine hydrate may be useful as a synthetic 
method. Thus one of the interesting diastereomeric pairs of methoxy- 
mercurials is the pair of 1-chloromercuri-2-methoxy-1,2-diphenylethanes. 
However, stereochemical study of these has been limited by the troublesome 
preparation of pure cis-stilbene. 


On the other hand trans-stilbene is readily available. This geoisomer may 
be converted to the low melting 6-1-chloromercuri-2-methoxy-1,2-diphenyl- 
ethane (VI) (1) in60% direct yield or 85% on the basis of the stilbene actually 
consumed. If now this mercurial is treated with hydrazine hydrate in alkaline 
methanol a sponge of mercury is formed. The mercuri-bis-diastereomers 
(VII) thus formed are converted by mercuric acetate to the acetoxymercuri 
diastereomers and thence, by sodium chloride to the mixture of chloromer- 
curials VIII (none of these compounds having been isolated). Now when a 
methanolic solution of VIII is treated briefly with hydrochloric acid the 
isolable mercurial is a-1-chloromercuri-2-methoxy-1,2-diphenylethane, to- 
gether with frans-stilbene from which it can readily be separated. A further 
description of this latter reaction will be outlined because of its theoretical 
significance. 


If a solution comprising one equivalent of each of the diastereomers (VIII) 
in methanol is treated for one minute with three equivalents of concentrated 
hydrochloric acid and then quickly diluted with water and neutralized, a 
solid separates. When stilbene is washed out of this solid by ether, the - 
remainder is almost pure a-l-methoxy-2-chloromercuri-1,2-diphenylethane 
(VIII, a). The 6-diastereomer has been decomposed by the mineral acid. 


The mode of addition (with single Walden inversion) during methoxy- 
mercuration has only been demonstrated in the case of cyclohexene (2), and 
it must be assumed to be the same for the two geometric isomers of stilbene. 
Supporting evidence for this assumption is provided by an observation in 
this laboratory that each diastereomer may be decomposed into its parent 
geoisomer (3). This observation has now been extended and substantiated. 
If 8-1-methoxy-2-chloromercuri-1,2-diphenylethane (VIII, 8) is decomposed 
by treatment with strong hydrochloric only trans-stilbene is formed. Similar, 
though much slower, decomposition of the a-diastereomer (VIII, a) gives 
only cis-stilbene from which it is formed by methoxymercuration. 
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Parenthetically it may be observed that the entire series of reactions from 
trans-stilbene through VI, VII, and VIII to cis-stilbene provides a method for 
conversion of one geoisomer to the other. 


The formation of the methoxymercurial from, and reversion to, the same 
geometric isomer is a reasonable indication that the configurational relation- 
ships are the same among the several diastereomeric pairs. The difference 
in rate of decomposition of the two 6-diastereomers relative to their a-isomers 
would seem therefore to be due to differences in conformation. 


It has been suggested (2) that the reversion of 2-methoxy-1-cyclohexyl- 
mercuric chloride to cyclohexene, methanol, and mercuric salt proceeds most 
easily through a quasi-bicyclic intermediate. This hypothesis was advanced 
because the quasi rings formed from a-2-methoxy-l-cyclohexylmercuric 
chloride (which reverts more easily than the 6-diastereomer) would exist in 
the stable trans-decalin form. No such cyclic restriction exists in the case of 
the diastereomeric 1-chloromercuri-2-methoxy-1,2-diphenylethanes. Any ex- 
tension of the hypothesis must therefore depend on the relative symmetries 
of the quasi-monocyclic intermediates. 

Structures (X) and (XI) are stereochemical representatives of a- and 8-1- 
chloromercuri-2-methoxy-1,2-diphenylethane. According to the hypothesis 
outlined above, the addition of hydrogen chloride to each would lead to the 
quasi-cyclic intermediates XII and XIII. Inspection of these reveals the dis- 
tinction that in XII both phenyl groups are polar (or else equatorial) if the 
‘crown’ form of the six-membered ring is to be maintained. On the other hand 
the polar-equatorial relationship of phenyl groups exists in the quasi ring 
(XIII) representative of the B-isomer. 
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Since no restriction is apparent respecting the ease with which such quasi 
rings might be formed, the conformation of such intermediates may well 
decide the relative tendencies to decompose either to alkene, mercuric chloride, 
and methanol, or else to methoxyalkylmercuric chloride and hydrogen 
chloride. Structure XII and, especially, its bipolar hydrogen equivalent is 
more symmetrical than XIII. It seems reasonable to presume tentatively 
that less tendency toward 7 bond formation would exist from XII than from 
XIII. On this basis XIII ought to revert to the alkene more readily than XII, 
in accordance with the fact. 


EXPERIMENTAL* 

Reduction of a-2-Methoxycyclohexylmercuric Chloride 

A solution of 34.9 gm. (0.1 mole) of 2-methoxycyclohexylmercuric chloride 
in 80 ml. (0.2 mole) of 10% aqueous sodium hydroxide was added equivalent- 
ly with 50 ml. (0.87 mole) of 85% hydrazine hydrate to 80 ml. of boiling 10% 
aqueous sodium hydroxide during one hour under reflux. The volatile pro- 
duct was steam distilled off and, after collection in ether and drying with 
sodium sulphate, was distilled, b.p. 130-133° (750 mm.), wt. 1.60 gm., ni 
1.4358. This distillate was found by treatment with acid and dinitrophenyl- 
hydrazine to contain about 10% of methoxycyclohexene, converted thus to 
cyclohexanone dinitrophenylhydrazone. The remainder was distilled off, 
b.p. 133°, n} 1.4340, Di° 0.875 and thus is methoxycyclohexane. The per- 
centage of methoxycyclohexene increased with longer time of reflux. The 


* Melting points have been corrected against reliable standards. 
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combined yield of 15% was increased to 20% when the hydrazine hydrate 
was added to the boiling alkaline solution of mercurial. 

The residual solution after steam distillation was cooled, extracted with 
ether, and the metallic mercury phase separated, wt. 15.4 gm. The etherous 
solution was dried with magnesium sulphate and distilled, finally at 0.02 mm. 
with a few mgm. of hydroquinone. The distillate weighed 11 gm. and con- 
tained some metallic mercury, b.p. 130-1475, Di 1.622, nyy* 1.534. Yield 
is 49% of theoretical. Anal. calcd. for CiyHxO.Hg: C, 39.6; H, 6.14. 
Found: C, 39.6; H, 5.95. After repeated redistillation at 0.02 mm. the 
precipitation of mercury during distillation ceased. The stable 8-mercuri- 
bis-2-methoxycyclohexane boiled 135-40%., np 1.5365, D{° 1.664. The elemen- 
tal analysis was identical with that of the initial distillate. When a portion 
of this purified bis-mercurial was treated with mercuric acetate in methanol, 
and subsequently with aqueous sodium chloride it yielded pure 6-2-methoxy- 
cyclohexylmercuric chloride, authenticated by mixed melting point. On the 
other hand, similar treatment of the initial distillate gave a diastereomeric 
mixture of the chloromercurials, m.p. 88-90°. 


Decomposition of Mercurt-bis-2-methoxycyclohexane 

The decomposition of 11 gm. (0.026 mole) of the initial distillate (diastereo- 
meric mixture) of mercuri-bis-2-methoxycyclohexane was carried out in a 
25 ml. flask heated (175°) by an o-dichlorobenzene vapor bath. Mercury 
precipitated and a distillate appeared (85°C.) during two hours. Further 
distillation at 25° and 0.15 mm. gave a total distillate of 3.04 gm. This was 
redistilled to give 0.2 gm. of methanol (oxidized to formaldehyde for identifica- 
tion), then 1.60 gm. of cyclohexene (identified by conversion to the a-methoxy- 
chloromercurial), and finally at 90-130° a mixture of methoxycyclohexene and 
methoxycyclohexane (1 gm.) which contained about 50% of the former. 
This content of methoxycyclohexene was demonstrated by hydrolysis with 
hot 10% sulphuric acid to cyclohexanone, identified as its dinitrophenyl- 
hydrazone. 

The residue after distillation at 25° (0.15 mm.) was completely distilled 
at 140°, wt. 2.81 gm. This crude yield indicates that at least 30% of the 
original mixture was £,6-mercuri-bis-2-methoxycyclohexane. It was re- 
distilled at 0.4 mm. to yield 0.2 gm., np 1.50 (probably 2,2’-dimethoxybicyclo- 
hexyl), b.p. 105-110° and then 1.83 gm., b.p. 125-30°, n>’ 1.5366 which could 
be converted to almost pure 6-2-methoxycyclohexylmercuric chloride by 
treatment with mercuric acetate and then aqueous sodium chloride. The 
distillate did not precipitate mercury after a period of several weeks. 


B-1-Chloromercuri-2-methoxy-1 ,2-diphenylethane 

A suspension of 180 gm. (1 mole) of trans-stilbene, 636 gm. (2 moles) of 
mercuric acetate, and 24.2 gm. (0.1 mole) of benzoyl peroxide in 4 liters of 
methanol was stirred for two days. Filtration removed mercurous acetate 
which weighed 9.7 gm. after washing with diethyl ether. The filtrate was 
added during two hours to a stirred solution of 174 gm. (3 moles) of sodium 
chloride in 7.5 liters of water. After three more hours the stirring was inter- 
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rupted. Ten hours later the crude precipitate was filtered off... The filtrate 
was discarded (after metallic mercury was recovered from it by treatment 
with aluminum foil). The crude precipitate was washed with ether to remove 
stilbene, 1,2-dimethoxy-1,2-diphenylethane, and methyl benzoate. The re- 
maining 6-1-chloromercuri-2-methoxy-1,2-diphenylethane weighed 270 gm. 
(60% of theoretical), m.p. 123-125°. This was purified by solution in 350 ml. 
of warm chloroform (plus 2 gm. of Darco), filtration, and crystallization 
induced by addition of 400 ml. of petroleum ether (b.p. 60-70°). After chilling 
to 4° for 12 hr., 249 gm. (92% recovery) was filtered off, m.p. 130-130.5°. 
Partial evaporation of the filtrate yielded 15 gm. more, m.p. 128-129°. 


The combined etherous washing liquors were combined and evaporated. 
The residue was crystallized from 850 ml. of boiling 95% ethanol containing 
20 ml. concentrated hydrochloric acid. In this way 40 gm. of trans-stilbene, 
m.p. 122-123°, was recovered. The filtrate contained an appreciable amount 
of mercuric chloride. 
a-1-Chloromercuri-2-methoxy-1,2-diphenylethane 

A. With Aqueous Hydrazine 
. A suspension of 31 gm. (0.069 mole) of 8-1-chloromercuri-2-methoxy-1,2- 
diphenylethane in 160 ml. (0.2 mole) of 5% aqueous sodium hydroxide at 55° 
was treated with 23 ml. (0.4 mole) of hydrazine hydrate and the whole was 
boiled for 20 min. The original solid almost dissolved, then metallic mercury 
and a heavy oil appeared. Diethyl ether extraction of the cooled mixture 
enabled separation of 8.99 gm. (67% of total) metallic mercury. 


The ether solution was treated with 18.6 gm. (0.069 mole) of mercuric 
chloride and 50 ml. of methanol. The ether was distilled off during two hours. 
The hot solution was filtered to remove 1.1 gm. of mercurous chloride. The 
cold filtrate yielded 10 gm. of impure a-diastereomer, m.p. 135°. This pro- 
duct was purified by three crystallizations from hot ethanol, m.p. 143°, 
50% recovery. 


B. With Hydrazine Hydrate in Methanol 

A solution of 22.3 gm. (0.05 mole) of 8-1-chloromercuri-2-methoxy-1,2- 
diphenylethane in 200 ml. of boiling methanol was obtained by addition of 
10 ml. (0.1 mole) of 40% aqueous sodium hydroxide. After the solution was 
cooled to 35°, 2.9 ml. (0.05 mole) of 85% hydrazine hydrate was added at 
once. Gas was evolved as a greenish-yellow precipitate appeared. After 
12 hr. the gray metallic sponge was filtered off and washed with methanol 
and diethyl ether. The filtrate was poured into 500 ml. of water and this 
solution was extracted with diethy! ether. 


The extract was evaporated. A suspension of 15.9 gm. (0.05 mole) of 
mercuric acetate in 100 ml. of methanol was added and the whole shaken for 
15 min. After 150 min., this mixture was filtered into dilute aqueous sodium 
chloride. The semisolid precipitate could be crystallized from 95% ethanol 
to yield impure a-diastereomer (m.p. 137°) but it was more convenient to 
purify by destruction of the B-isomer. 
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To this end the semisolid precipitate was dissolved partially in 200 ml. 
of hot methanol. This solution was cooled and then shaken with 5 ml. of 
concentrated hydrochloric acid for exactly one minute. The solution was then 
diluted to a volume of 400 ml. with water plus 22 ml. of 10% aqueous sodium 
hydroxide. After several hours the dirty yellow precipitate was filtered, 
washed with 4 ml. of ethanol and three 10 ml. portions of diethyl ether to 
remove trans-stilbene. The remainder (4.34 gm., m.p. 137-139°) was crystal- 
lized from 130 ml. of hot 95% ethanol. The pure a-diastereomer thus obtained 
weighed 3.3 gm., m.p. 143.9-144.2°. This low yield (15%) may be doubled 
by increase in amount of mercuric acetate used. Mercuric chloride iuay be 
used, but some oxidation occurs in this instance. The yield is critical in 
respect of the amount of hydrochloric acid used, as the following experiment 
shows. 


A mixture of 0.1 gm. each of the two diastereomeric chloromercurimethoxy- 
diphenylethanes in 5 ml. methanol was treated exactly one minute with 0.05 ml. 
of concentrated hydrochloric acid, then diluted into 5 ml. of water and neu- 
tralized to pH 5 with alkali. The precipitate was washed with ether, wt. 
0.06 gm., m.p. 137°. The etherous filtrate yielded 0.1 gm. of impure stilbene, 
m.p. 104-105°. 


Decomposition of B-1-Chloromercuri-2-methoxy-1,2-diphenylethane 

A slurry of 4.47 gm. (0.01 mole) of 6-1-chloromercuri-2-methoxy-1,2- 
diphenylethane (m.p. 131°) in 5 ml. ethanol was stirred with 10 ml. concentra- 
ted hydrochloric acid. The temperature rose to 45° and cooling was necessary. 
After one hour the mixture was filtered to yield 1.80 gm. (100%) of trans- 
stilbene, m.p. 124-124.6°. A mixed melting point was not lowered. The 
filtrate, made alkaline, yielded impure mercuric oxide, 2.29 gm. These 
results were duplicated exactly when 5 ml. of 70% perchloric acid in 10 ml. 
of water replaced the hydrochloric acid. 


Decomposition of a-1-Chloromercuri-2-methoxy-1 ,2-diphenylethane 

There was no observable heat evolution when the decomposition with 
hydrochloric acid described above was repeated with the a-diastereomer, 
m.p. 144°. After eight hours of stirring the oily phase finally became lighter 
than the aqueous phase. The whole was diluted with water to a volume of 
75 ml. and then extracted thrice with a total of 15 ml. of ether. Evaporation 
left 1.58 gm. which was distilled at 8 mm. The cis-stilbene, b.p. 134-135°, 
weighed 1.34 gm., np 1.6270, D{° 1.011. Although the yield was only 75% 
of theoretical no trans-stilbene could be detected either in the residue after 
distillation or in the distillate. The cis-stilbene was identified by conversion 
to the a-methoxymercurial, m.p. 143-144°. The trans-isomer would have 
been recovered unchanged from the uncatalyzed methoxymercuration, but 
none was found. : 


When the decomposition of the a-diastereomer was carried out with per- 
chloric rather than hydrochloric acid all of the available mercury was con- 
verted to mercurous salt. The yield of impure cis-stilbene was 30% of 
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theoretical np 1.615 but no trans-stilbene could be detected. ‘The remainder 
comprised distillable oxidation products (b.p. 140-170°, 8 mm.) which have 
not been identified. 
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THERMAL DECARBOXYLATION OF URONIC ACIDS! 
By A. S. PERLIN 


ABSTRACT 

A novel decarboxylation of uronic acids by merely heating the material 
without the use of a solvent or added catalyst is described. At approximately 
255°C. decarboxylation for uronic and polyuronic acids and salts within 15 min. 
reaction time is nearly quantitative. Vigorous dehydration occurs simultaneously, 
the residue corresponding basically to a 5-carbon skeleton that contains 1.5 
atoms of oxygen. Other products of the reaction are minor and include carbon 
monoxide, and traces of acid and oils. Sugar acids, such as gluconic and ascorbic, 
are not as extensively decarboxylated. The reaction is employed for analysis of 
several nitrogen dioxide oxidized celluloses and starches and the results are in 
good agreement with those given by titration and the 12% hydrochloric acid 
method. 


INTRODUCTION 

A striking property of uronic acids is the ease with which they are decar- 
boxylated by boiling with strong mineral acids (7). Preliminary tests by 
the author indicated that decarboxylation may be achieved also by heat in 
the absence of added catalyst. Since this property of uronic acids had not 
been previously reported it invited further investigation. The present paper 
describes some aspects of the reaction; attention is also given to its possible 
use for estimating uronic acids, as an alternative to the methods commonly 
employed—modifications of the Lefevre-Tollens reaction, reviewed by 
Nevell (11), and titration procedures, reviewed by Davidson and Nevell (2). 

EXPERIMENTAL 

Apparatus and Procedure 

The reaction was first carried out at diminished pressure (5 XK 107* mm.) 
as suggested by the work of Puddington on the thermal decomposition of 
reducing sugars and starch (14). Carbon dioxide produced was trapped 
with liquid air and absorbed in standard barium hydroxide solution. Subse- 
quent experiments were performed at atmospheric pressure in the following 
manner. The sample tube, containing 0.1 to 0.2 gm. of material, was held 
in a horizontal position to prevent water formed in the reaction from condensing 
and falling back onto the sample. Heating was effected with an air bath 
consisting of a glass retort in which a stable liquid was refluxed at the desired 
reaction temperature (e.g., diphenyl! ether, 255°C.; methyl phthalate, 280°C.). 
A steady stream of carbon dioxide free nitrogen was passed successively over 
the sample, through a U-tube surrounded by brine, and through two gas- 
scrubbers of concentrated sulphuric acid. The entrained, dry carbon dioxide 
was absorbed with ascarite and weighed. In some experiments traces of 
oxygen were removed from the nitrogen stream with Fieser’s solution (3), 
but this procedure did not alter the results. After a given heating time the 
tube was quickly cooled and the system flushed with nitrogen for a further 
15 min. For estimation of water the U-trap was surrounded with dry 

1 Manuscript received November 9, 1951. 
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ice — toluene and was evacuated together with the sample tube, so that the 
water distilled into the trap at room temperature; volatile acid dissolved in 
the water was titrated. Sometimes the nitrogen stream issuing from the 
ascarite tube was collected under water and analyzed gasometrically for 
carbon monoxide. 

A continuous rate curve could not be obtained from an individual sample, 
since several minutes flushing was required after a given heating period to 
sweep carbon dioxide completely into the ascarite tube. Each carbon dioxide 
value therefore represents a separate experimental run which, in many in- 
stances, was repeated. Temperature equilibration time as compared with 
total reaction time was slow. For example, at a retort temperature of 255°C. 
the interior of the sample tube reached 245°C. in 5 min., whereas most total 
reaction periods were less than 20 min. The actual reaction temperature 
was therefore only a function of the reflux temperature of the liquid in the 
retort. However, at a given retort temperature, results were generally re- 
producible with less than 5% error and appeared to reflect the true relative 
reaction temperature. All temperatures are in degrees Centigrade (°C.). 
Materials and Methods 

Alginic acid was prepared from commercial sodium alginate by precipitation 
as the calcium salt (15); the free acid was liberated with cold 0.1 N hydro- 
chloric acid, washed successively with water and alcohol, and dried in vacuo 
over phosphorus pentoxide. Mucic acid, m.p. 204-206°C., was prepared by 
the oxidation of D-galactose with nitric acid. Barium-pD-glucuronate and 
-D-galacturonate of theoretical barium content (26%) were prepared by 
Dr. C. T. Bishop. Nitrogen dioxide oxidized celluloses were obtained from 
Tennessee Kodak Corporation, except for oxycell A, a commercial preparation 
(“Oxycell’’, Parke-Davis). Nitrogen dioxide oxidized starches were supplied 
by Dr. R. W. Kerr, Corn Products Refining Co. Wheat straw hemicelluloses 
(1) and wheat flour pentosans (13) were prepared in these laboratories. The 
other materials referred to later in the text were commercial preparations 
of the best quality obtainable. All samples were dried im vacuo over phos- 
phorus pentoxide. ' 

Uronic acid was estimated by the 12% hydrochloric acid modification of 
Tracy (17) and by calcium acetate titration according to Meesook and Purves 
(10). In analysis of the nitrogen dioxide oxidized starches with calcium 
acetate the reaction temperature was 18°C. so as to minimize yellowing of 
the solutions. Furfural was estimated by the bromine oxidation method of 
Hughes and Acree (4). 

RESULTS 
Decarboxylation at Reduced and Atmospheric Pressures 

Puddington (14) found that starch and several sugars at a pressure of 
10-* mm. and temperatures ranging about 200° did not evolve appreciable 
quantities of carbon dioxide in reaction periods of three to four hours. In 
contrast (Fig. 1), the carbon dioxide yield from alginic acid under similar 
conditions was substantial, within two hours being about two-thirds of that 
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Fic. 1. Per cent yield of carbon dioxide and per cent loss in weight of alginic acid at 
200°C. at atmospheric and diminished pressures. 
theoretically possible (25%) by complete decarboxylation of the uronic 
carboxyl groups. Weight loss in this period reached 40%, and the difference 
between this and the carbon dioxide yield was due chiefly to water formed in 
the reaction (shown below) equivalent to about three moles per mole of 
carbon dioxide. The reaction was not a function of diminished pressure but 
of the elevated temperature since the results were not materially altered at 
atmospheric pressure (Fig. 1). For easier manipulation subsequent runs 
were therefore carried out at atmospheric pressure. 

Although uronic carboxyl groups were the most likely source of the carbon 
dioxide, some may have come from new carboxy] groups created in the residues 
of already decarboxylated units through internal oxidation—reduction, while 
other uronic units remained intact. The former source would be favored if 
one mole of carbon dioxide were found for each uronic acid unit decomposed. 
Decomposition could not be measured directly. However, to derive some 
indication of its extent the partially-decomposed samples, at the end of the 

TABLE I 


RELATION OF CARBON DIOXIDE YIELD TO AMOUNT OF ALGINIC ACID DECOMPOSED 











| 








200° /0.005 mm. | 200°/760 mm. 
% Theoretical* % Loss potential | % Theoretical* | % Loss potential 
Oz furfural Oz | furfural 
17.6 | 14.0 | 30.0 | 35.0 
29.6 26.4 39.2 } 46.2 
37.0 43.0 48.0 §2.7 


56.8 | 63.0 61.0 71.3 





*Based on 25% carbon dioxide as the theoretical yield. 
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reaction period, were analyzed in the usual way (4) for furfural production. 
It was assumed that few, if any, pentose residues were present in these samples 
as reaction products because of the extensive dehydration; also, that furfural 
or derivatives, if formed, would have distilled or condensed to tar at the 
temperature employed. Accordingly, the only sources of furfural for analysis 
were the uronic acid units which had escaped decomposition. Since the 
quantity obtainable from intact alginic acid was known (22.0%), the de- 
crease in this original amount as the reaction proceeded (i.e., the loss of 
potential furfural) gave an index of the number of units decomposed. Table | 
shows that the amounts of decomposition measured in this way corresponded 
reasonably well to the accompanying yields of carbon dioxide. The results 
therefore indicated that perhaps 90%, if not the entire yield, of the carbon 
dioxide was produced by decarboxylation of the uronic carboxy]! groups. 
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Fic. 2. Variation with temperature in the rate of evolution of carbon dioxide from 
glucuronolactone and oxycell D. 


Influence of Temperature 

The influence on decarboxylation of temperatures higher than 200° is 
illustrated in Fig. 2 which gives rates of evolution of carbon dioxide for a 
pure uronic acid (glucuronolactone) and for a polyuronide of low uronic acid 
content (oxycell D, described in a succeeding section). The respective 
carboxyl values |(COO~) were 24.5% by alkali titration, and 7.3% by calcium 
acetate titration. At 220° the rates were logarithmic, falling off a 70 to 80% 
of these values. The initial rates at 255° were considerably more rapid and 
evolution of carbon dioxide virtually ceased during the period 10-20 min. 
reaction time when the total amounts evolved approximated the expected 
values. The actual values found at 15 min. ae representative of the near- 
level portions of the curves) were 23.5 and 7.0% carbon dioxide, respectively. 
Pronounced breaks at approximately the same values were attained at 280° 
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Fic. 3. Evolution of carbon dioxide by uronic acids and salts at 255°C. 
X — alginic acid; - O - sodium alginate; -™— galacturonic acid monohydrate; 
~A- citrus pectin; -— - barium glucuronate; — © — barium galacturonate. 


in about five minutes reaction time, with oxycell D then showing a secondary 
evolution of carbon dioxide. The latter was again evident at 265° after a 
slightly larger time interval, and was attributed to degradation of the anhydro- 
glucose units comprising the non-uronide portion of the polymer. These 
and similar results for other uronic acids and polyuronides indicated that a 
temperature of about 255° was satisfactory for complete decarboxylation. 
The reaction period required for this was about 15 min. in marked contrast 
to reflux periods of at least 5 hr. usually reported for theoretical decarboxylation 
with mineral acids. 

Rates of thermal decarboxylation for other uronic and polyuronic acids 
and salts at 255° (Fig. 3) were also characterized by an initial rapid rate of 
reaction followed by a pronounced falling off to a slow steady state in 10-15 min. 
reaction time. The yields of carbon dioxide for each at 15 min. corresponded 
closely to theoretical (Table IT). 

TABLE II 
YIELDS OF CARBON DIOXIDE FROM URONIC ACIDS AND SALTS IN 15 MIN. AT 255° 


Material Expected COo, % | Found CO2, % 
Alginic acid 25.0* 23.4 
Galacturonic acid .H:O 20.5** 19.4 
Citrus pectin 16.5*** 17.3 
Sodium alginate 22.2* 21.5 
Barium glucuronate 16.8* 16.7 
Barium galacturonate 16.8* 17.0 
*Calculated. 


**By calcium acetate titration. 
*** By 12% hydrochloric acid (17). 
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Decarboxylation of the salts was especially vigorous, and for sodium alginate 
was accompanied by formation, with almost explosive violence, of a dense 
smoke. This behavior was not observed with any of the other materials 
examined and was presumed to be due to the reaction of the sodium ion with 
water in the reaction tube. The rate for sodium alginate fell off somewhat 
at 220° but still was more rapid than that for glucuronolactone (Fig. 2) at 
the same temperature, the yields of carbon dioxide being 16.8, 19.0, 20.4, 
and 20.6% at 5, 10, 20, and 30 min., respectively. All this suggested the 
possibility of basic catalysis, but alginic acid (60 mesh) admixed with an 
excess of sodium carbonate showed no enhanced rate of decarboxylation. In 
this connection, powdered glass, copper—chrome oxide catalyst, and potassium 
acid sulphate also failed to alter the rate of decarboxylation of alginic acid 
at 255°. 
Products of the Reaction 

Loss in weight of the reactant compounds at 255° was almost entirely re- 

coverable as carbon dioxide and water (Table III). Other products were 
carbon monoxide in amount ranging about 1%, traces of volatile acid and 
_admixed lactone, distillable oil, and a product which formed a char in the 
first sulphuric acid bubbler. The latter was not trapped with brine nor with 
dry ice— toluene; tests for formaldehyde with chromatropic acid reagent 
were negative. Measured as the increase in weight of the bubbler, the char 
comprised 1-2% of the products. Distillable oil accounted for much of the 
discrepancy (5-10%) observed in total recovery. 

Extent of dehydration is indicated in another manner by comparing the 
last two columns in Table III. The number of oxygen atoms per monomer 
unit, which were removed as water at approximately theoretical decarboxy- 
lation, accounted for all but 1.5 atoms of the noncarboxy] oxygen of the acids 
and 2.0 to 2.5 of the salts. Since the metal cations of the latter should form 
alkali or alcoholates instead of water, theoretical becomes 4.0 for the barium 
uronates and 3.0 for sodium alginate. Thus combined dehydration and de- 
carboxylation uniformly reduced the oxygen contents to about 1.5 atoms per 
monomer unit. 


From the decreasing water/carbon dioxide ratios found with increasing 
degree of decarboxylation over the temperature range of 200-280° (Fig. 4), 
it appeared that dehydration was particularly intensive during early stages 
of the reaction. The very high ratios for galacturonic .H,O (A) at the outset 
were probably due to the loss of water of hydration, which was expected to 
require a much lower energy of activation than the loss of water of constitution. 
Recalculation of the results to the basis of the anhydrous acid gave the 
broken-line plot (B), which more closely parallels that for glucuronolactone 
(C). Extrapolation of B and C shows that dehydration during the early 
stages accounted for all of the oxygen theoretically available for water forma- 
tion (Table III)—five atoms for galacturonic and four atoms for glucuronic. 
One interpretation is that decarboxylation at first was accompanied by com- 
plete deoxygenation (and dehydrogenation) with carbon dioxide and water 
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Fic. 4. Variation in the water/carbon dioxide ratio with. decarboxylation. (A) galactu- 
ronic acid monohydrate, (B) galacturonic acid (calculated as anhydrous acid), (C) glucurono- 
lactone. Reaction temperatures, °C. : 200° (X) 220° (O), 255° (A), 280° (@). 
being, presumably, the only products. Later, other types of degradation 
occurred to small extent to form carbon monoxide, volatile acids, etc., and 
the relative amount of water was less. Polymerization possibly became the 
important side-reaction since at theoretical decarboxylation the residues 
contained 1.5 atoms of oxygen per monomer unit, corresponding basically to 
a 5-carbon skeleton having one atom of oxygen and sharing another with an 
adjacent 5-carbon skeleton (except for sodium alginate in which only 1.0 
atom of oxygen remained). Polymerization was further indicated by the 
charred appearance of the residues, and since thermal decomposition of re- 
ducing sugars and starch involves preliminary dehydration and polymerization 
(5, 14). 
Thermal Decomposition of Related Carbohydrates 
Thermal decomposition of sugar acids, reducing sugars, and polysaccharides 
was also examined under the conditions described above. Sugar acids— 
gluconic, mucic, and ascorbic— were readily decarboxylated at 255°. They 
differed from uronic acids, however, by yielding somewhat less than the 
theoretical amounts of carbon dioxide in 15 min. reaction time; the respective 
amounts were 70, 65, and 85% (Fig. 5). Other differences between their 
behavior and that of uronic acids were evident at 220° if the rates of decar- 
boxylation of ascorbic and gluconic acids were compared with that for glu- 
curonolactone (Table IV). In contrast to the logarithmic evolution rate of 
carbon dioxide for glucuronolactone, that for ascorbic acid showed a decided 
break reaching a constant value within 10 min. when, instead of 22.0% as at 
55°, the total carbon dioxide yield was only 17.5%. The rate for gluconic 
acid was much slower and the induction period evident at 255° was now more 
prolonged. 
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Fic. 5. Evolution of carbon dioxide by sugar acids at 255°C. 


To some extent these results paralleled the relative response of these acids 
to decarboxylation with 12% hydrochloric acid. Kenyon ef al. (16) showed 
ascorbic acid to yield carbon dioxide at a rate somewhat faster than did 
uronic acids, while gluconic acid was decarboxylated only to a small extent. 
They attributed these differences to steric effects exerted by the carbonyl 
groups which lessened the stability of the carboxyl groups. According to this 
interpretation the enediol group of ascorbic acid was most effective, the 
potential aldehyde of the uronic acid somewhat less effective, while the absence 
of a carbonyl group in gluconic acid accounted for its relatively greater 
stability. It is possible that similar influences operated in the compounds 
decarboxylated thermally, the carboxyl groups accordingly being more 
resistant or less resistant to thermal decarboxylation. 

Reducing sugars examined were L-arabinose, D-xylose, D-glucose, and 
D-galactose, each of which gave only about 3% of carbon dioxide in 15 min. 
at 255°, although from the charred appearance of the residues, extensive 
decomposition had occurred. Under the same conditions good quality wheat 
and corn starch and cotton linters all yielded negligible amounts of carbon 


TABLE IV 
DECARBOXYLATION OF GLUCURONOLACTONE, ASCORBIC ACID, AND GLUCONIC ACID AT 220° 


% COz 
Time, min. - - 
5 10 30 60 
Glucuronolactone 12.0 16.0 20.5 21:2 
Ascorbic acid 15.5 17.4 17.6 - 
Gluconic acid 0 15 a4 12.7 
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dioxide. However, wheat straw hemicelluloses evolved carbon dioxide 
equivalent to two and three times the small uronic acid values (3-4%) indi- 
cated by the 12% hydrochloric acid method. A wheat flour pentosan, of 
negligible uronide content by the same method, yielded 3-4% of carbon 
dioxide by thermal decomposition. However, when the arabofuranose units 
present were removed from the pentosan by graded hydrolysis (13) the carbon 
dioxide yield became negligible. This behavior perhaps accounts for the 
anomalous results given by the straw hemicelluloses since they also contained 
arabofuranose units (1). 


Thermal Decarboxylation of Nitrogen Dioxide Oxidized Celluloses and Starches 

Kenyon ef al. (8, 9, 16, 18, 19) have shown that the action of nitrogen 
dioxide on cellulose predominantly effects oxidation of primary hydroxy! 
groups, the products being polyuronides to an extent depending on the degree 
of oxidation. Ketone groups were thought to be present in small quantities 
(8), an interpretation supported by Nevell (12) who also suggested formation 
of non-uronide carboxyl groups. Starch oxidized with nitrogen dioxide is 
known to be structurally akin to the oxidized celluloses (6). It was therefore 
of special interest to examine the thermal decarboxylation of these synthetic 
polyuronides since they provided well-characterized substrates having widely 
different amounts of uronide residues in combination with non-uronide sugar 
units. 

The rates of carbon dioxide evolution for several oxidized celluloses and 
starches (Figs. 6 and 7), as found previously for the natural uronic acids and 
polyuronides, were initially rapid and then fell off markedly at 10-20 min. 
reaction time. Values for carbon dioxide represented by the near-level 
portions of the curves generally agreed reasonably well with the corresponding 
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Fic. 6. Evolution of carbon dioxide by nitrogen dioxide oxidized cellulose (Oxycells A, 
B, and C); temperatures: —— 255°C.; — — 280°C. 
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Fic. 7. Evolution of carbon dioxide by nitrogen dioxide oxidized starches (Oxystarch A, 
B, and C); temperatures: —— 255°C.; — — 280°C. 


values for uronic acid obtained by conventional methods of analysis (Table V). 
Significance of the thermal values is emphasized by reference to the rates of 
evolution at 280° represented by the broken-line plots of Figs. 6 and 7. It 
is seen that a line drawn parallel to the abscissa from the 15 min. point at 
255° and through the broken-line curve coincides with the region of maximum 
inflection of the curve in each instance. Results of the titration and 12% 
hydrochloric acid techniques were, themselves, not always in good agreement. 
Perhaps this disagreement was to be expected since Kenyon et al. (9) generally 
found higher results for the oxidized celluloses by titration than with hydro- 
chloric acid, whereas Nevell (11) found the opposite to be the case. In view 
of these contradictions, the thermal decarboxylation procedure appears to 
be no less trustworthy for measuring the uronic acid content of these materials 
than the methods currently in use. 


TABLE V 
CARBOXYL VALUES OF NITROGEN DIOXIDE, OXIDIZED CELLULOSES, AND STARCHES 




















Calcium acetate | Thermal* 12% HC\** 

Material | COO-, % CO2, % | COs, % 
Oxycell A — 18.0 18.2 
Oxycell B 14.9 13.7 14.3 
Oxycell C 10.8 10.5 | 8.4 
Oxycell D*** 7.3 7.0 6.2 
Oxystarch A 23.7 21.5 23.5 
Oxystarch B 14.5 17.3 22.5 
Oxystarch C 5.6 5.5 7.0 





*15 min. reaction time. 
**11 hr. reflux. 
***See Fig. 1. 
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The water/carbon dioxide ratios for oxidized celluloses A, B, and C were 
each about 3.6 at 5 min. and changed to 3.4, 4.2, and 4.7, respectively, at 
15 min. reaction time. These results indicated only a moderate degree of 
dehydration of the non-uronide portions, particularly in the early stages of 
the reaction. 


DISCUSSION 

The foregoing results indicate that all uronic acids may be decarboxylated 
thermally in the absence of added catalyst, the respective rates differing little. 
The reaction applies equally well whether the material exists as the free acid, 
lactone, or salt, and whether alone or combined with other uronic acid or 
carbohydrate units. At temperatures close to 255° and above, decarboxyla- 
tion is very rapid and yields almost theoretical quantities of carbon dioxide 
within a period of 15 min. reaction time. 

The carbon dioxide appears to come from the uronic carboxyl groups ex- 
clusively. Support for this contention is found in the fact that no pure 
uronic acid yielded more than that expected by complete decarboxylation, 
and that expected in the relation between the carbon dioxide and furfural 
yields of progressively decomposed alginic acid. An explanation for these 
results may be found in the intensive dehydration which accompanies thermal 
decarboxylation, especially in the early stages of the reaction. The oxygen 
content of the molecule is thus depleted to a point where there is little chance of 
new carboxyl groups arising by internal rearrangements, and oxygen of the 
air appears to have little influence on the carbonaceous residue. Since non- 
uronide sugar units, when present, are dehydrated more slowly than uronide 
groups, intermolecular oxidation—reduction has more opportunity to occur 
and may result in formation of new carboxyl groups. Thus, in oxidized 
celluloses and starches with varying amounts of anhydroglucose residues, 
substantial secondary evolution of carbon dioxide follows initial decarboxyla- 
tion of the uronic component. The two phases are satisfactorily differentiated. 
under proper conditions with these materials, but some of the hemicelluloses 
examined do not respond in like manner. The ease with which sugar acids 
are decarboxylated suggests that similar structures, if present, would also 
interfere with the carbon dioxide value. A satisfactory means for separating 
this kind of decarboxylation from that of uronic acids is not suggested by the 
present results, although a partial separation may be achieved by lowering 
the reaction temperature. 

The thermal reaction is thus intermediate in scope between titration 
methods and the 12% hydrochloric acid procedure since (in addition to uronic 
carboxyl) all non-uronide carboxyl groups are titrated, whereas they are 
perhaps 70% decarboxylated thermally and 15% by acid. Titration methods, 
however, have the disadvantage of interference from ash and acidic impurities 
and may not measure stable lactone forms of the uronic acids (9). These 
shortcomings do not apply in either decarboxylation method. On the other 
hand, evolution of carbon dioxide from oxidized celluloses and alginic acid 
by acid decarboxylation does not reach a constant value, and the method is 
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therefore regarded by Nevell (11) as only a rough measure of the proportion 
of uronic acid groups present. In contrast, the evolution of carbon dioxide 
by thermal decarboxylation at a proper temperature reaches a constant value 
within the theoretical range for many uronide materials. However, not all 
of the materials tested behaved satisfactorily. Hence wider application of 
this reaction must await further examination. 
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SYNTHESIS OF PARA-BRIDGED BENZENE COMPOUNDS. III 


By M. F. Bartcett, S. K. Ficpor, AND K. WIESNER 


ABSTRACT 
2-5-Octamethylene tetrahydrophthalic anhydride does not form even a trace 
of the corresponding phthalic anhydride on dehydrogenation, but partly dis- 
sociates back into cyclododecadiene and maleic anhydride. 2-5-Nonamethylene 
tetrahydrophthalic anhydride dehydrogenates with considerable difficulty. 

In a previous communication (2) we have shown that 2-5-decamethylene 
and 2-5-tetradecamethylene tetrahydrophthalic acids can be converted 
smoothly to the corresponding phthalic acids by dehydrogenation with Pd- 
charcoal in boiling naphthalene. We have now synthesized in exactly the 
same manner the 2-5-nonamethylene (II) and 2-5-octamethylene (1) tetra- 
hydrophthalic acids and investigated their dehydrogenation. Under the 
conditions where the 10-membered bridge compound was formed smoothly 
neither of the two new compounds (I and II) gave a trace of dehydrogenated 
product. In both cases only starting material was recovered, with complete 
absence of the typical ultraviolet absorption spectrum of phthalic acid. If 
the dehydrogenation of Compound I was carried out without solvent with 
Pd-charcoal at 340° a small amount of a neutral volatile compound was 
obtained which gave an infrared spectrum identical with cyclododecadiene, 
showing that dissociation of the Diels-Alder adduct has taken place. The 
acidic fraction was starting material as checked by the complete absence of 
the typical ultraviolet absorption. 

In the solvent free dehydrogenation of Compound II, no diene was found 
but the recovered acidic substance which was essentially starting material 
showed an absorption spectrum which corresponded to approximately 10% 
of the phthalic acid. 

It was therefore concluded that although the dehydrogenation is hindered . 
very strongly in this case, it nevertheless could be achieved under conditions 
that are sufficiently drastic. We have therefore subjected a larger amount 
of Compound II to a selenium dehydrogenation and analyzed carefully the 
products. The acidic material obtained by saponification of the dehydro- 
genation mixture was converted into an oily anhydride by sublimation. 

The ultraviolet absorption spectrum of this product was perfectly in agree- 
ment with those of our previous 2-5-polymethylene phthalic anhydrides and is 
shown in Fig. 1, Curve I. (Curve I] is the ultraviolet spectrum of 2-5-diethy1 
phthalic anhydride.) 

The oily anhydride failed to crystallize and therefore it was not possible 
to make it analytically pure. 

It was necessary to resort to oxidation studies to prove the structure. 
Oxidation with permanganate gave a good yield of 1,2,3,4-benzene tetra- 


1 Manuscript received October 18, 1951. 
Contribution from the Chemistry Laboratories of the University of New Brunswick, 
Fredericton, N.B. 
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carboxylic acid, identified as methylester by mixed melting point and infrared 
spectrum. If we therefore combine this result with the agreement of the 
ultraviolet absorption there is hardly any doubt that we really had 2-5-nona- 
methylene phthalic anhydride IV. 

The only other explanation, which is not considered likely, is that the 
nonamethylene bridge was ruptured in the middle during the dehydrogenation. 
The neutral fraction of the dehydrogenation mixture was chromatographed 
and a hydrocarbon was isolated which analyzed perfectly for 1-4-nonamethy- 
lene benzene. The quantity was not sufficient to allow structure proof by 
oxidation. The infrared spectrum showed bands at 1510 and 1600 cm.™!, 
which are quite characteristic of an aromatic ring. Para substitution also 
causes characteristic bands at 800 and 875 cm." Bands at 796, 808, 858 cm.~!, 
and 876 cm.” are really present in the spectrum but they are weak. In view 
of the extremely small amount of the compound a definite decision as to 
whether or not the compound is 1-4-nonamethylene benzene was not possible. 
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EXPERIMENTAL 

Synthesis of the tetrahydrophthalic acids I and II was performed exactly 
as previously (1). Therefore we give here only the analyses constants and 
yields of all new compounds. 

Cyclododecene-one-3.—Yield 34%; b.p. 142°-153°C. at 16-18 mm. 

Cyclododecene-ol-3.—Yield 90%; b.p. 105°-110°C. at 2-4 mm. Calculated 
for CisH2.0: C, 79.06; H, 12.17; act. H, 0.54%. Found C, 79.09; H, 12.11; 
act. H, 0.54%. 

Phenylurethane m.p. 95-96°C. Calculated for CigH27O.N: C, 75.71; 
H, 9.03; N, 4.65%. Found: C, 75.54; H, 9.08; N, 4.78%. 

Cyclododecadiene.—Yield 68%; b.p. 84°C. at 4 mm. Ultraviolet max. 
230 mu. Calculated for Ci2H2: C, 87.73; H, 12.27%. Found: C, 87.54; 
H, 12.27%. 

2-5-Octamethylene tetrahydrophthalic anhydride I.—Yield of the oily anhydride 
7.4%; b.p. in a collar flask 170-175°C. (outside temperature) at 0.6 mm. 
Calculated for CysH22O03: C, 73.24; H, 8.45%. Found: C, 73.00, 73.03; 
H, 8.35, 8.25%. 

- Cyclotridecene-one-3.—Yield 46%; b.p. 119-125°C. at 0.5 mm. 

Cyclotridecene-ol-3.—Yield 88%; b.p. 129-134°C. at 1 mm. Calculated 
for Cy3H24O: C, 79.54; H, 12.32; act. H, 0.51%. Found: C, 79.64; H, 
12.30; act. H, 0.52%. 

Cyclotridecadiene.—Yield 45%; b.p. 82°C. at 1 mm. Ultraviolet max. 
232 mu. Calculated for CisH22: C, 87.54; H, 12.44%. Found: C, 86.79; 
H, 12.48%. . 

2-5-Nonamethylene tetrahydrophthalic anhydride II.—Yield of oily anhydride 
17.2%. Recrystallized from ether — petroleum ether to a constant melting 
point, it melted at 148-150°C. Calculated for CizH2O3: C, 73.88; H, 
8.75%. Found: C, 73.69; H, 8.88%. 

DEHYDROGENATION OF ANHYDRIDE I 

Compound I (200 mgm.) was mixed with 200 mgm. of Pd-charcoal.and heated 
for 30 min. to 340°C. After this the product was saponified by stirring 
24 hr. with 10 ml. of 10% potassium hydroxide and separated into acidic 
and neutral material. The neutral product was a colorless oil (35 mgm.) 
which boiled in a collar flask at 65-67° at 4 mm. and gave an infrared spectrum 
identical with cyclododecadiene. The acidic material was reconverted into 
the anhydride by sublimation. It had no ultraviolet absorption. 


SELENIUM DEHYDROGENATION OF ANHYDRIDE II 
Compound II (2.18 gm.) and 8.7 gm. of selenium were heated in a sealed 
tube for 19 hr. at 370°C. The content of the tube was then extracted with 
ether and the residue, after the evaporation of the ether, saponified by stirring 
24 hr. with 130 ml. of 10% potassium hydroxide. The products were then 
separated into neutral (453 mgm.) and acidic (720 mgm.) material. The 
neutral material was chromatographed on 18.1 gm. of alumina. Petroleum 
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ether eluted from this column 106 mgm. of an oil which distilled in a collar 
flask at 85-95°C. at 0.05 mm. The middle fraction was analyzed. Calculated 
for CisHoe: C, 89.02; H, 10.97%. Found: C, 88.92; H, 10.97%. 

The acidic material was converted by sublimation in high vacuum into 
the oily anhydride. 

The ultraviolet spectrum is given in Fig. 1, Curve 1. 

OXIDATION WITH PERMANGANATE 

This oxidation was done on 686 mgm. of 2-5-nonamethylene phthalic 
anhydride in exactly the same way as before (2). The yield after several 
recrystallizations was 14 mgm. of pure benzene 1,2,3,4-tetracarboxylic 
methylester, which melted at 129-131°C. alone and in admixture with an 
authentic specimen. Also the infrared spectra of both compounds were 
identical. 
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THE MECHANISMS OF GLUCOSE PENTAACETATE 
ANOMERIZATION AND LEVOGLUCOSAN FORMATION! 


By R. U. LEMIEUX AND CAROL BRICE? 


ABSTRACT 


The stannic chloride catalyzed anomerization of the pentaacetyl-p-gluco- 
pyranoses in chloroform solution is specific for the Cl-acetoxy group. The 
reactions involve complete dissociation of the Cl-carbon atom to acetoxy 
group bond with an intermediate formation of carbonium ions. The initial step 
of the beta to alpha rearrangement is a rapid dissociation, involving the men rg 
tion of the C2-acetoxy group, to a resonance-stabilized carbonium ion with the 
lactol carbon atom occupied in the a-configuration. The rate-controlling step in 
the reaction appears to be the rearrangement of this ion to other ions which are 
capable of recombining with acetate ion to yield the a-acetate. The a-acetate 
is highly stable, as compared to the 8-anomer, and the dissociation of the Cl-carbon 
atom to acetoxy group bond is the rate-controlling step in its rearrangement. 
The stability of the a-acetate toward a variety of acidic reagents which readily 
dissociate the B-form is pointed out. For example, although the a-acetate is 
highly stable toward titanium tetrachloride, the reaction of the 8-anomer with 
this reagent, to yield tetraacetyl-8-p-glucopyranosyl chloride, is extremely fast. 
This product is unstable under the reaction conditions used and rearranges to 
the a-form at a measurable rate. 1, 2, 3, 4-Tetraacetyl- B-p-glucopyranose with 
stannic chloride in chloroform solution yielded triacetyl-p-glucosan <1, 5>6 
<1,6>. The alkaline hydrolysis of triacetyl-p-glucosan <1,5> a <1, 2> 
yielded p-glucosan <1,5> 8 <1,6>. The mechanisms of these reactions 
are discussed. 


Since our first communication', Bonner (1) has published the results of a 
mechanistic study of the alpha—beta rearrangement of the glucose pentaace- 
tates in acetic acid — acetic anhydride mixtures with sulphuric acid as catalyst. 
We have studied the rearrangement under the conditions described by Pacsu 
(15) which involve the use of stannic chloride as catalyst with pure chloroform 
as solvent. 


The rearrangement of methyl tetraacetyl-8-D-glucopyranoside to the a-form ° 
in chloroform solution with stannic chloride (15), titanium tetrachloride (16), 
or boron trifluoride (21) as catalysts suggests that the analogous stannic 
chloride catalyzed beta to alpha rearrangement of the glucose pentaacetates 
is specific for the Cl-acetoxy group. Bonner (1) has shown that tetraacetyl- 
8-p-glucopyranosy! benzene was essentially unaffected by solution in propionic 
anhydride which contained sulphuric acid. Under the same conditions, 
pentaacetyl-8-p-glucopyranose was converted rapidly to 1-propionyl-tetra- 
acetyl-a-D-glucopyranose and Bonner concluded that the anomerization 
involved no structural change other than that at the anomeric center. 


1 Manuscript received December 17, 1951. 
Contribution from the National Research Council, Prairie Regional Laboratory, Saskatoon, 

Sask. Issued as Paper No. 136 on the Use of Plant Products and as N.R.C. No. 2689. Presented 
in part at the 34th Annual Conference, the Chemical Institute of Canada, Winnipeg, Man., 
June 18-20, 1951. 

2 This paper is based partly on a thesis submitted by Carol Brice to the School of Graduate 
Studies of the University of Saskatchewan, Saskatoon, Sask., in partial fulfillment of the require- 
ments for the degree of Master of Arts. 
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We have carried out the following transformations in order to establish 
definitely that the stannic chloride catalyzed beta to alpha isomerization of 
pentaacetylglucopyranose in chloroform solution involves only the inversion 
of the lactol carbon atom. Acetobromoglucose (1) with silver propionate in 
propionic acid yielded a substance (III), m.p. 104-105°C., specific rotation 
+ 3.5° in chloroform. Although there could be little doubt about the struc- 
ture of III, it seemed desirable to prepare the substance in an independent 
manner since it could not be predicted with certainty that the decomposition 
of an intermediate such as VII would not involve replacement at the C6-carbon § 
atom to yield tetraacetyl-6-propionyl-8-D-glucopyranose (VI). 2,3,4,6-Tet- 
raacetyl-8-D-glucopyranose (II) with propionyl chloride gave a substance 
identical with III. It has been suggested (4) that 1,2,3,4-tetraacetyl-8-p- 
glucopyranose (V) possesses or can assume the orthoacid structure VIII. 
Since II depresses the melting point of V, the compounds are not identical (4). 
However, if V should in fact possess the structure VIII, then it might be 
expected that under reaction conditions the substance II could also assume 
the structure VIII. Thus, the propionylation of either II or V would yield 
the same product. However, the propionylation of V yielded a new compound 
believed to be tetraacetyl-6-propiony1-8-D-glucopyranose (VI), m.p. 112-113°C.., 
specific rotation + 5.8° in chloroform. Therefore, the substance III is in 
fact 1-propionyl-tetraacetyl-8-D-glucopyranose. Bonner (1) reported this 
compound to melt at 97-97.5°C. with zero specific rotation at 25°C. in chloro- 
form. The product (IV) obtained on the anomerization of III in stannic 
chloride — chloroform solution was converted to acetobromoglucose using 
hydrogen bromide in propionic acid. The identity of the acetobromoglucose 
was substantiated by converting the compound to methyl tetraacetyl-8-p- 
glucopyranoside. Since 1-propiony]-tetraacetyl-8-D-glucopyranose (III) could 
be converted to methyl tetraacetyl-8-D-glucopyranoside in the same manner, 
it can be concluded that IV, m.p. 71.3-72.3°C., specific rotation + 102° in 
chloroform, was 1-propionyl]-tetraacetyl-a-D-glucopyranose. Bonner (1) re- 
ported this compound to melt at 72-73°C. with specific rotation + 95° at 
22°C. in chloroform. 


Stereochemical considerations render it highly improbable that the beta 
to alpha rearrangement involves a continuous shift of the Cl-acetoxy group 
from one side of the pyranose ring to the other. However, the anomerization 
could conceivably proceed through an open chain intermediate such as IX. 
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Evidence which disposed of this possibility and established the reaction to 
involve a complete dissociation of the Cl-carbon atom to acetoxy group bond 
was obtained by anomerizing pentaacetyl-8-D-glucopyranose with carbon-14 
labeled C1l-acetoxy group in the presence of an equal amount of nonradioactive 
pentaacetyl-8-D-galactopyranose. The pentaacetyl-a-D-glucopyranose and 
pentaacetyl-a-D-galactopyranose thus formed were isolated by the addition 
of inactive carrier and recrystallization to constant activity. The activity 
was found to be distributed between the two sugar acetates with a slight 
preponderance in the galactose derivative. This exchange requires that the 
reaction involve a complete dissociation of the acetoxy group to lactol carbon 
atom. The difference in radioactivity found in the products was undoubtedly 
due to different rates in the formation of acetochloro derivatives, compounds 
which are known to form under the conditions used (15). 

A quantitative yield of silver chloride was obtained on treating silver acetate 
with an excess of stannic chloride in chloroform and it seems probable that there 
resulted a chloroform solution of stannic chloride and stannic trichloride 
acetate (X). 


SnCl, + AgOAc > SnCl,OAc + AgCl 
xX 


The Lewis acid, stannic chloride, undoubtedly catalyzes the anomerization 
of 8-glucose pentaacetate by complexing with the Cl-acetoxy group to lead 
to the equilibrium represented by Equation 1. If the anomerization were 
carried out in the presence of carbon-14 labeled stannic trichloride acetate and 


(1) SnCly + AcO-GI(OAc), 2 SnClOAc™ + GI(OAc)s 
XI 
if exchange between this substance and the ion XI were rapid (Equation 2), 


it would be expected that the resulting anomerized glucose pentaacetate 
mixture would contain radioactive Cl-acetoxy groups. 


(2) SnCl,0OAc* + SnClOAc™ & SnCl,OAc + SnClLOAc* 


This was the case and the following data establish this exchange reaction to 
be very rapid. When pentaacetyl-8-D-glucopyranose was anomerized in 
chloroform solution in the presence of such a source of radioactive acetate 
ions, the radioactivity in the reaction product, the a-anomer, indicated that 
exchange was 93% complete. However, when pentaacetyl-a-D-glucopyranose 
was treated under the same reaction conditions—conditions which were much 
more vigorous than required for completing the beta to alpha rearrangement— 
the radioactivity of the recovered a-anomer indicated only 29% exchange. 
It was therefore evident that the dissociation of the Cl-carbon atom to acetoxy 
group bond is accomplished much more readily for the 8-anomer than for the 
a-anomer. 

Lemieux (9) has shown that pentaacetyl-a-D-glucopyranose is much more 
stable toward acid catalyzed mercaptolysis than is the B-anomer and the high 
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reactivity of the 6-compound was attributed to a participation of the C2- 
acetoxy group in the dissociation of the Cl-carbon atom to acetoxy group 
bond. It has been widely assumed that the anomeric forms of a sugar acetate 
are equally suitable as starting materials for the preparation of their aceto- 
chloro derivatives by reaction with titanium tetrachloride and, in fact, it 
has been proposed (16) that pentaacetyl-a-D-glucopyranose is an intermediate 
in the conversion of the 8-acetate to a-acetochloroglucose. However, we have 
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Fic. 1. The rates of reaction at 40°C. of equimolar amounts of the glucose pentaacetates 
and titanium tetrachloride in chloroform solution. 1. Pentaacetyl-8-p-glucopyranose. 
2. Pentaacetyl-a-p-glucopyranose. 
found pentaacetyl-a-D-glucopyranose to remain essentially unchanged under 
conditions which converted the 6-anomer to tetraacetyl-a-D-glucopyranosy] 
chloride in excellent yield (7) and the difference in reactivity is illustrated by 
Fig. 1. Using the integrated polarimetric rate expression, 

2.303 ao — a, 

k= ; log “ER 
the rate of the reaction using the 8-anomer was found to be first order as 
shown by the rate constants calculated at various times given in Table I. 
It was therefore apparent that the rate-controlling step for the reaction is a 
rearrangement or decomposition of a rapidly formed intermediate which, 
under the conditions used, required about three hours at 40°C. to go to com- 
pletion. When the reaction was allowed to proceed for only five minutes at 
40°C. and the mixture was washed free of titanium tetrachloride, tetraacetyl- 
8-D-glucopyranosyl chloride (17) was readily isolated from the resulting 
chloroform solution. Furthermore, the solution displayed the slow mutaro- 
tation described by Schlubach, Stadler, and Wolf (18) for 6-acetochloro- 
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TABLE I 


REACTION AT 40°C. OF EQUIMOLAR AMOUNTS OF PENTAACETYL-6-D-GLUCOPYRANOSE 
AND TITANIUM TETRACHLORIDE IN CHLOROFORM SOLUTION 








| 


Time, min. Observed rotation | &, min.-! 








0 — 0.50° (calc.) | ws 
15 3.47 0.0223 
25 5.29 0.0215 
35 6.89 0.0216 
45 8.21 0.0218 
55 9.24 0.0218 
65 10.03 0.0216 
87 11.39 0.0220 
97 11.83 0.0222 

212 | 13.45 ~ 
227 13.45 sank 








glucose in chloroform solution. It was therefore evident that pentaacetyl- 
8-D-glucopyranose reacts extremely rapidly with titanium tetrachloride to 
yield tetraacetyl-8-D-glucopyranosy] chloride and that the reaction which was 
followed to yield the data described in Fig. 1 and Table I is actually the 
rearrangement of the latter compound to the a-anomer. 


It has been pointed out (9) that a variety of reactions of pentaacetyl-8-D- 
glucopyranose appear to involve a ready formation of an intermediary 
resonance-stabilized carbonium ion and it would be expected that the first 
step in the beta to alpha rearrangement of glucose pentaacetate (XII) would 
lead to the carbonium ion XIII. This idea was confirmed by carrying out 
the anomerization in the presence of the stannic chloride acetate source of 
radioactive acetate ions for only five minutes—conditions which bring about 
the formation of only a small amount of a-anomer. The recovered starting 
material possessed a radioactivity which indicated that in this short period of 
time about 75% exchange had occurred. Therefore, under the anomerizing 
conditions, the 8-anomer is readily dissociated to the carbonium ion XIII 
of a-D-configuration which readily recombines with acetate ion to revert to 
starting material. 

Pacsu (15) has shown that the stannic chloride catalyzed rearrangement is 
accompanied by the formation of acetochloroglucose and we were unable to 
follow the course of the reaction under conditions which gave a chlorine-free 
product. As pointed out by Pacsu, it would be expected that the reaction be 
first order, however, rate constants calculated from our data using the above 
first order rate equation yielded values which decreased considerably in 
magnitude with increasing time. This result probably is related to the 
decrease in catalyst concentration with time brought about by the side reac- 
tions. The plots of Fig. 2 show the high stability of the a-anomer as compared 
to the B-form. 

The above information allows the following interpretation for the mechanism 
of the beta to alpha rearrangement of the pentaacetylglucopyranoses. Under 
the reaction conditions used, the B-anomer (XII) is rapidly dissociated to 
the carbonium ion XIII. Recombination of the ions proceeds readily with a 
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second inversion of the lactol carbon to reform the starting material. The 
formation of the a-anomer from the ionic intermediates requires that the 
lactol carbon atom be liberated from its attachment in the a-D-configuration 
of XIII. This ion must therefore be in equilibrium with carbonium ions of 
different structure such as XIV or XV._ It is possible that such a rearrange- 
ment of XIII is facilitated by an approach of a negatively-charged ion. Never- 
theless, the formation of the a-anomer would require an interaction of acetate 
ion with ionic intermediates such as XIV or XV. From the rate plots of 
Fig. 2, it is obvious that the a-anomer, after having formed, has no effect on 
the observed reaction rate for the B-anomer. That is, the observed reaction 
rate must be related to the forward reaction——the beta to alpha anomerization. 
Since the dissociation of the 8-anomer appears to be much faster than the 
observed reaction rate, this step cannot be rate-controlling for the forward 
reaction. Therefore, the rate-controlling step of the forward reaction must be 
concerned with the rate of formation of the a-anomer from the intermediary 
ions which, in turn, is related to the rearrangement of the carbonium ion XIII 
to other carbonium ions such as XIV or XV. 

Treatment of the radioactive pentaacetyl-a-D-glucopyranose, which was 
prepared by subjecting nonradioactive a-anomer to anomerizing conditions 
in the presence of a source of radioactive acetate ions, with hydrogen bromide 
in acetic acid yielded, after two recrystallizations, an acetobromoglucose 
preparation with only 5% of the activity of the starting material. Thus, the 
alpha to beta rearrangement is also specific for the anomeric center. The high 
stability of the a-anomer has already been discussed and there can be little 
doubt that the dissociation of this compound is the rate-controlling step in 
its conversion to the B-anomer. 
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When 1,2,3,4-tetraacetyl-8-D-glucopyranose (XVII) was treated with a 
chloroform solution of stannic chloride, triacetyl-D-glucosan <1, 5>8<1,6> 
(XIX) was isolated in good vield from the reaction product. This observation 
is further evidence for the participation of the C2-acetoxy group in the dis- 
sociation of the Cl-carbon atom to acetoxy group bond and the formation of 
a transient carbonium ion of structure XVIII. The formation of 8-glucosan 
under these acidic conditions should be contrasted to its formation by the 
alkaline hydrolysis of phenyl 8-p-glucopyranoside (12). The high resistance 
to alkaline hydrolysis of phenyl a-D-glucopyranoside as compared to the 
B-anomer (12) could be the result of a participation of the C2-oxygen atom 
in the hydrolysis of the 8-glucoside, a neighboring group participation which 
is not possible for the a-glucoside. On the basis of these ideas and the observa- 
tion that such phenyl! glucosides as phenyl! 2,3-dimethy+6-p-glucopyranoside 
were highly resistant to alkaline hydrolysis, McCloskey and Coleman (10) 
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have postulated the intermediary formation of p-glucosan <1,5> a <1,2> 
in the hydrolysis of phenyl 8-p-glucopyranoside. We have found the alkaline 
hydrolysis of triacetyl-p-glucosan <1,5> a <1, 2> to lead to the formation 
of p-glucosan <1,5> 8 <1,6>, an observation which confirms the mechan- 
ism proposed by McCloskey and Coleman. The reaction can therefore be 
considered to proceed as follows. Phenyl 8-p-glucopyranoside (XX) in 
alkaline solution can be assumed to exist to some extent as the anion XXI. 
The decomposition of this ion to D-glucosan <1,5> a <1,2> (XXII) and 
phenolate ion is undoubtedly the rate-controlling step for the transformation. 
In the presence of alkali, the glucosan XXII probably passes into the anion 
XXIII which rearranges to the more stable form XXIV, an anionic form of 
the product, D-glucosan <1,5> 8 <1,6> (XXV). The instability of aryl 
B-glucosides (13) toward alkaline conditions as compared to alkyl 8-glucosides 
is undoubtedly related to the high stability of aryloxide ions as compared to 
alkoxide ions. It is noteworthy that Heddle and Percival (5) have demon- 
strated the acidic properties of the C2 and C6 hydroxy! groups of glucosides. 

The formation of the 1,6-glucosan ring from the ions XVIII and XXIII 
indicates that it is sterically possible for the C6-oxygen atom of pentaacetyl- 
a-D-glucopyranose to participate in a dissociation of the Cl-carbon atom to 
acetoxy group bond. However, the high stability of this compound suggests 
that the ion VII is very unstable and unlikely to form. The same considera- 
tions apply to the formation of the ion XXVI. 
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EXPERIMENTAL 

Instrumentation 

The rotations were measured at room temperature, 23 to 28°C. The 
melting points are corrected. The radioactivities of “infinitely thick’’ samples 
were determined with a windowless counter operating with helium-—isobutane 
in the Geiger region. Appropriate resolving-time and background corrections 
were made. The samples were mounted by filtration using Skellysolve F as 
dispersing agent on disks of Whatman Number 3 paper using a special funnel 
which ensured uniform distribution and constant surface area (14). All 
counts were referred to a carbon-14 labeled cellulose acetate standard of the 
same surface area. Successive mounts of a material gave results which did 
not differ by more than 3%. 
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1-Propionyl-tetraacetyl-B-D-glucopyranose 

A mixture of tetraacetyl-a-D-glucopyranosyl bromide, 5 gm., silver pro- 
pionate, 7 gm., and propionic acid, 50 ml., was shaken at room temperature 
for 15 min. and filtered. Both the filtrate, after dilution with water, and the 
filter cake were extracted with chloroform. The chloroform extract was 
neutralized with aqueous sodium bicarbonate solution, filtered, and evaporated 
to an oil which soon crystallized. After one recrystallization from ethanol, 
the yield was 4.0 gm., 82%, m.p. 96-98°C. Several further recrystallizations 
from ethanol raised the melting point to 104-105°C. with [a]p + 3.5° (c, 1.2 
in chloroform). Calc. for Cyz7HesOiu.:C, 50.50; H, 5.98%. Found: C, 
50.42; H, 5.99%. 

Propiony1 chloride, 0.35 gm., was added to a mixture of 20 ml. dry benzene 
and 5 ml. pyridine at 0°C. To the resulting mixture, 1.00 gm. of 2,3,4,6-tetra- 
acetyl-8-D-glucopyranose, m.p. 137-139°C., [a]p + 14.2° (c, 2.9 in chloroform) 
(2), was added. After shaking at 0°C. for 15 min, then at room temperature 
for 90 min., the mixture was poured into ice water. The aqueous mixture 
was extracted with benzene and the benzene extract, washed several times 
with water, was evaporated to a syrup which soon crystallized. One re- 
crystallization from ethanol gave 0.71 gm., 61% yield, of material melting 
at 93-96°C. After several recrystallizations from ethanol the substance 
melted at 104.5-105°C. A mixture with the substance prepared from aceto- 
bromoglucose melted at 104-105°C. 


1-Propionyl-tetraacetyl-a-D-glucopyranose 

1-Propionyl-tetraacetyl-8-D-glucopyranose, 8.1 gm., and anhydrous stannic 
chloride, 5.2 gm., were dissolved in 100 ml. of pure chloroform (15) and the 
solution was refluxed for five hours. The cooled solution was washed twice 
with ice water, the combined water extracts were extracted once with chloro- 
form, and the combined chloroform extracts after washing with sodium bicar- 
bonate solution were dried over calcium chloride. Evaporation of the solvents 
gave a syrup which soon crystallized. One recrystallization from ethanol 
gave 3.8 gm. of material, 47% yield, m.p. 62-66°C., [a]p + 97.6° (c, 1 in 
chloroform). Four further recrystallizations from ethanol raised the melting 
point to 71.3-72.3°C. with [a]p + 102° (c, 1 in chloroform). Calc. for 
Ci7HyOn : C, 50.50; H, 5.98%. Found: C, 50.36; H, 5.97%. 


Methyl Tetraacetyl-B-p-glucopyranoside from the 1-Propionyl-tetraacetyl-D-gluco- 
pyranoses 

1-Propiony]-tetraacetyl-a-D-glucopyranose, 1.5 gm., was dissolved in 15 ml. 
of a 50% solution of hydrogen bromide in propionic acid. After 2.5 hr. at 
room temperature, a product, 0.60 gm., was isolated in the usual manner. 
After four recrystallizations from ether-Skellysolve C, the melting point 
was 87.5-88.2°C. with [a]p + 199° (c, 0.73 in chloroform). This material, 
230 mgm., was treated for three hours at room temperature with 230 mgm. of 
silver carbonate in 10 ml. of methanol. The product, 90 mgm., isolated in the 
usual manner melted at 103-104°C. with [a]p — 18° (c, 0.79 in chloroform) 
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after two recrystallizations from methanol. A mixed melting point with 
methyl tetraacetyl-8-D-glucopyranoside, m.p. 104-105°C., was 103-104°C. 

The above procedure was used to convert 1-propionyl-tetraacetyl-8-pb- 
glucopyranose to acetobromoglucose, m.p. 87-88°C., in 52% yield from which 
methyl tetraacetyl-8-p-glucopyranoside, m.p. 103-104°C., was prepared in 
48% yield. 
Tetraacetyl-6-propionyl-B-D-glucopyranose 

Propiony]! chloride, 5 ml., was added at 0°C. to a solution of 30 ml. of 
pyridine in 30 ml. of dry benzene. Eight grams of 1,2,3,4-tetraacetyl-8-p- 
glucopyranose, m.p. 127.5-129°C., [a]p + 11° (c, 2.5 in chloroform) (6), was 
added and the mixture was shaken first at 0°C. for 20 min. then at room tem- 
perature for three hours. The resulting mixture was poured into ice water 
and extracted with benzene. The benzene extract was washed several times 
with water and decolorized by filtration through a bed of Magnesol—Celite 
(5:1) (11). Removal of the benzene in vacuo and recrystallization of the 
product from ethanol gave 6.0 gm. of material, m.p. 110-112°C. Three 
further recrystallizations from ethanol raised the melting point to 112-113°C. 
with [a]p + 5.8° (c, 1.1 in chloroform). Calc. for Cyz7H2sOi1: sapon. equiv., 
80.5. Found: sapon. equiv., 80.1. 
Radioactive Silver Acetate 

The radioactive silver acetate used in this work was prepared by mixing 
aqueous solutions containing equivalent amounts of silver nitrate and sodium 
acetate labeled in the carboxyl group with carbon-14. The precipitate was 
washed with cold water, recrystallized from water, washed with ethanol, and 
dried in vacuo at 65°C. 
1-Acetoxy-labeled Pentaacetyl-B-D-glucopyranose 

A mixture of radioactive silver acetate, 25,600 counts per minute, 0.45 gm., 
acetobromoglucose, 1.00 gm., and 10 ml. of dry acetonitrile was refluxed for 
30 min. The silver salts were removed by filtration and the filtrate after 
dilution with water was extracted with chloroform. The chloroform extract 
was washed with water, dried over sodium sulphate, and evaporated in vacuo 
to a syrup. The syrup was dissolved in ether and Skellysolve F was added 
until crystallization began. The yield was 0.31 gm. of material which gave 
9900 counts per minute. The material was recrystallized from ethanol to 
yield 0.26 gm. of product, m.p. 130-132°C., 10,500 counts per minute. Re- 
crystallization from ethanol gave 0.23 gm. of material, m.p. 131-132°C., 
10,600 counts per minute. A third recrystallization from ethanol gave 
0.22 gm. of product, m.p. 131.5-132°C., 11,000 counts per minute. Assuming 
equal self-absorption for the samples of silver acetate and glucose pentaacetate, 
the calculated radioactivity for the product would be 11,000 counts per 
minute. 
Exchange on the Simultaneous Anomerization of Pentaacetyl-8-D Derivatives of 
Glucose and Galactose 

Radioactive pentaacetyl-8-D-glucopyranose, 4640 counts per minute, 
500 mgm., which was labeled in the 1l-acetoxy group and nonradioactive 
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pentaacetyl-8-D-galactopyranose, 500 mgm., were dissolved in 30 ml. of dry 
chloroform and 1.57 gm. of stannic chloride was added. The solution was 
refluxed for five hours, cooled, and washed twice with ice water. The com- 
bined wash waters were extracted with chloroform and the combined chloro- 
form solutions were washed with water, sodium bicarbonate solution, and 
again with water. The resulting chloroform solution was filtered and diluted 
to 100 ml. Nonradioactive pentaacetyl-a-D-galactopyranose, 1.00 gm., was 
added to a 50 ml. aliquot and nonradioactive pentaacetyl-a-D-glucopyranose, 
1.00 gm., was added to the remaining solution. The chloroform was removed 
in vacuo and the crystalline residues were recrystallized from ethanol until 
pure. After six recrystallizations, the yield of pentaacetyl-a-p-galactopy- 
ranose was 623 mgm., m.p. 96-97°C., [a]p + 109° (c, 1 in chloroform), 290 
counts per minute. After seven recrystallizations, the yield was 460 mgm., 
m.p. 96-97°C., [a]p + 108° (c, 1 in-chloroform), 300 counts per minute. 
After five recrystallizations, the yield of pentaacetyl-a-D-glucopyranose was 
938 mgm., m.p. 110.2-111.2°C., [a]p + 103° (c, 1 in chloroform), 176 counts 
per minute. After six recrystallizations, the yield 726 mgm., m.p. 111.5-112°C., 
[a]Jp + 103° (c, 1.2 in chloroform), 179 counts per minute. 

. Exchange on the Anomerization of Glucose Pentaacetates in the Presence of a 
Source of Radioactive Acetate Ions 

Radioactive silver acetate, 60,800 counts per minute, 0.501 gm. (3 m.e.), 
and 1.57 gm. stannic chloride were added to 30 ml. of dry chloroform. Pure 
dry pentaacetyl-8-p-glucopyranose, 1.08 gm. (2.77 mM.), was added and the 
mixture was refluxed for seven hours. The insoluble salts were recovered by 
filtration and washed with chloroform. The yield of salts was quantitative, 
based on the formation of silver chloride, and treatment with sulphuric acid 
liberated no steam-volatile acidity. The chloroform filtrate was washed 
twice with ice water, then with sodium bicarbonate solution, dried over 
sodium sulphate, and evaporated in vacuo to a syrup which soon crystallized. 
Purification was by recrystallization from ethanol. After one recrystallization, 
the yield was 629 mgm., m.p. 99-104°C., 12,900 counts per minute. After 
two recrystallizations, the yield was 443 mgm., m.p. 110-111°C., [a]p + 102° 
(c, 0.76 in chloroform), 12,600 counts per minute. After three recrystalliza- 
tions, the yield was 368 mgm., m.p. 111.2-112°C., 12,600 counts per minute. 

The percentage exchange in this reaction and the other exchange reactions 
described below can be calculated from the formula, 


, _ (a+ oy) 
% Exchange = ( b mB 100, 


where a = mM. of glucose pentaacetate, b = m.e. of silver acetate, MW is the 
molecular weight, 390, of glucose pentaacetate of A counts per minute, and m 
is the molecular weight of silver acetate, 167, of B counts per minute. Thus, 
the percentage exchange in the above experiment was, 


2.77 + i= x aa ss 
( 3 /\167 x 60,800) 10° = 93%. 
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Pure dry pentaacetyl-a-D-glucopyranose, 1.08 gm. (2.77 mM.), was treated 
under the same conditions as described above for the B-anomer using 0.501 gm. 
(3 m.e.) of silver acetate, 60,800 counts per minute. The product was puri- 
fied by recrystallization from ethanol. After one recrystallization, the yield 
was 0.649 gm. of material, m.p. 109-111°C., 3500 counts per minute. A 
second recrystallization gave a substance, m.p. 111-111.5°C., with [aJp +104°C. 
(c, 1.0 in chloroform) and a radioactivity of 3940 counts per minute, which was 
essentially pure pentaacetyl-a-D-glucopyranose. The percentage exchange 
was 29%. The radioactive a-glucose pentaacetate, 301 mgm., was dissolved 
in 2.5 ml. of 50% hydrogen bromide in glacial acetic acid and the solution 
was kept at room temperature for three hours. The product, isolated in the 
usual manner, weighed 106 mgm. after one recrystallization from ether and 
Skellysolve F, melted at 89-89.5°C., and possessed a radioactivity of 210 
counts per minute. A second recrystallization gave a product, m.p. 89-89.5°C. 
with 197 counts per minute. Thus, at least 95% of the radioactivity of the 
starting material resided in the Cl-acetoxy group. 

Pure dry pentaacetyl-8-D-glucopyranose, 1.08 gm. (2.77 mM.), was treated 
under the same anomerizing conditions as described above using 0.501 gm. 
(3 m.e.) of silver acetate, 83,100 counts per minute, except that the reaction 
mixture was refluxed for only five minutes. The product was purified by recrys- 
tallization from ethanol. After one recrystallization, the material, 0.557 
gm., melted at 127.8-129.8°C. and gave 12,700 counts per minute. A second 
recrystallization gave 0.505 gm. of product, m.p. 130.5-131.5°C., [a]p + 5.50 
(c, 1 in chloroform) with 14,000 counts per minute. After a third recrystalliza- 
tion, the yield was 0.380 gm. of pure pentaacetyl-8-D-glucopyranose, m.p. 
131.5-132.5°C., [a]p + 3.4° (c, 1 in chloroform), which gave 13,900 counts 
per minute. This radioactivity corresponds to 75% exchange. 

Rates of the Reactions of the Pentaacetyl-D-glucopyranoses with Stannic Chloride 

The data plotted in Fig. 2 were obtained by dissolving at 40°C. and zero 
time 1.253 gm. (3.21 mM.) of dry glucose pentaacetate in 25 ml. of a solution 
of 0.879 gm. (3.37 mM.) of stannic chloride in pure dry chloroform (15). The 
acetate dissolved very rapidly and, as soon as solution was complete, the 
mixture was transferred to an all-glass 2 dm. polarimeter tube kept at 
40 + 0.1°C. ; 

Rates of the Reactions of the Pentaacetyl-D-glucopyranoses with Titanium Tetra- 
chloride 

The data plotted in Fig. 1, part of which are listed in Table I, were obtained 
by dissolving with vigorous shaking at 40°C. and zero time 0.901 gm. (2.31 mM.) 
of dry glucose pentaacetate in 20 ml. of a solution of 0.440 gm. (2.29 mM.) 
titanium tetrachloride in chloroform. As soon as solution was complete, 
the mixture was transferred to the polarimeter tube as described above. 
The rotation at zero time was obtained by extrapolation. 

A solution of 2.00 gm. pentaacetyl-a-D-glucopyranose in pure dry chloro- 
form, 9.4 ml., was added to 0.98 gm. titanium tetrachloride in 3.3 ml. of the 
chloroform and the mixture was refluxed for three hours. The product, 
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isolated in the usual manner (16), weighed 1.19 gm. after one recrystallization 
from ether and Skellysolve C. After one more recrystallization the substance, 
[a]p + 102° (c, 1.1 in chloroform), melted at 112-114°C. and this melting 
point was not depressed by the addition of the starting material. 

Titanium tetrachloride, 0.88 gm., was dissolved in 40 ml. of pure dry 
chloroform and to the solution at 40°C. pentaacetyl-8-p-glucopyranose, 
1.80 gm., was added. After shaking for five minutes at 40°C., the mixture, 
which still contained some yellowish precipitate, was poured into 100 ml. of 
ice water. After vigorous shaking, the chloroform layer was washed with 
sodium bicarbonate solution, then water, and dried over sodium sulphate for 
about 10 min. After 20 min. had elapsed from the time the reaction mixture 
had been added to the water, part of the dried chloroform solution, 15 ml., 
was jadded |to a 2 dm. polarimeter tube kept at 25°C. and the remainder 
was worked up as described below. The initial rotation was + 1.89°. After 
7, 24, and 48 hr., the rotations were + 3.26°, + 4.80°, and + 5.48°, respec- 
tively. Dry benzene, 25 ml., was added to the remaining chloroform solution 
and the mixture was evaporated im vacuo at 25°C. to a dry syrup. The 
syrup was dissolved in about 10 ml. of pure ether and the solution was cooled 
_ in a dry ice—acetone bath. On adding Skellysolve F to turbidity and scratch- 
ing the side of the flask with a glass rod, a substance, m.p. 90-94°C., was 
soon precipitated. After recrystallization from the same solvents, the nicely 
crystalline material, [a]p — 6° (c, 1.3 in pure chloroform), melted at 95-97°C. 
One more recrystallization gave a product, [a]p — 8° — + 16° after 24 hr. 
(c, 1.1 in pure chloroform), which melted at 96-97°C. When ordinary 
chloroform was used the mutarotation was from — 8° to + 63° in 24 hr. 
Calc. for CigHigOoCl : Cl, 9.67%. Found: Cl, 9.68, 9.67%. Schlubach 
(17) has reported tetraacetyl-8-D-glucopyranosy] chloride to melt at 99-100°C. 
with [a]p'? — 13.0° — + 81.2° after 24 hr. (c, 1 in pure chloroform) after 
many recrystallizations from ether. 


Acid Catalyzed Formation of Triacetyl-p-glucosan <1,5> 8 <1,6> 
1,2,3,4-Tetraacetyl-8-b-glucopyranose, 1.00 gm., was dissolved in 15 ml. 
of dry chloroform and 0.75 gm. of stannic chloride was added. After re- 
fluxing for five hours, the reaction mixture was washed twice in cold water, 
the wash waters were extracted with chloroform, and the combined chloroform 
extracts were washed with water, then sodium bicarbonate solution, and again 
with water. After drying over calcium chloride, the chloroform solution 
was evaporated to yield 0.30 gm. of a nicely crystalline material. After three 
recrystallizations from ethyl acetate, the material, [a]Jp — 51° (c, 1.1 in 
ethanol), melted at 109-110°C. Tanret (19) has reported triacetyl-p-glucosan 
<1,5> 6 <1,6> to melt at 107-108°C. and the specific rotation in alcohol 
to be — 45.5°, Hurd and Cantor (7) have reported the constants m.p. 108°C., 
[a]p2° — 58.6° (c, 0.18 in ethanol), while Vongerichten and Miiller (20) have 
reported the substance to melt at 110°C. Our product possessed an infrared 
spectrum which was identical to that reported by Kuhn (8) for levoglucosan 
triacetate and deacetylation gave a material with the physical constants 
expected for D-glucosan <1,5> 6 <1,6>. 
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Base Catalyzed Formation of D-glucosan <1,5> 8 <1,6> 

Crystalline triacetyl-p-glucosan <1,5> a <1,2> (3), m.p. 57-58°C., 
0.600 gm., was dissolved in 20 ml. of dry acetone and 25 ml. of N aqueous 
potassium hydroxide solution was added. After 15 min. at room temperature 
the colorless solution was made only faintly alkaline to phenolphthalein indi- 
cator by a dropwise addition of 10% sulphuric acid. The salts which precipita- 
ted were removed by filtration and the filtrate was concentrated in vacuo toa 
dry semicrystalline syrup. Pyridine, 25 ml., and acetic anhydride, 25 ml., 
were added and the mixture was shaken at room temperature for four hours 
then kept at room temperature for 20 hr. The resulting mixture was poured 
into 200 ml. of ice water and the aqueous solution was extracted with chloro- 
form. The chloroform extract was washed twice with water, filtered, and 
concentrated in vacuo to a yellow-colored oil. The oil was dissolved in 20 ml. 
of chloroform and this solution was extracted twice with 10 ml. of 10% 
hydrochloric acid, once with water, and finally with sodium bicarbonate 
solution. The resulting chloroform solution was dried by filtration and 
concentrated to a syrup which soon crystallized. Recrystallization from 2 ml. 
of ethyl acetate with the addition of Skellysolve F to turbidity gave 0.346 gm., 
58% yield, of material, m.p. 107-108°C. After two further recrystallizations, 
the material, [a]p — 51° (c, 1 in ethanol), possessed a melting point, 109-110°C., 
which was not depressed by admixture of the above described triacety]-D- 
glucosan <1,5> 6 <1,6>. 
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MEASUREMENTS OF SELF-DIFFUSION IN AQUEOUS 
SOLUTIONS OF SODIUM DIHYDROGEN PHOSPHATE! 


By J. E. BurKELL anp J. W. T. Spinks 


ABSTRACT 

Measurements of self-diffusion in aqueous solutions of sodium dihydrogen 
phosphate have been made using P* as tracer. The method involves the prep- 
aration of two similar solutions differing only in the fact that one is ‘‘labeled’”’ 
by means of the P**isotope. A capillary cell is filled with the radioactive solution 
and immersed in a relatively large volume of inactive solution, maintained at a 
constant temperature. After diffusion has proceeded for a measured length of 
time, the cell is removed and the radioactivity of the liquid remaining in it 
measured by counting. The self-diffusion coefficient may be calculated from 
the length of the capillary cell, the period of diffusion, and the ratio of the final 
activity to the original activity. The method was checked by repeating some 
work on the self-diffusion of Na* in sodium iodide solution. Self-diffusion 
measurements were made with sodium dihydrogen phosphate solutions of 
several concentrations between 1.0 and 10~* molar. 


INTRODUCTION 
In the past, many diffusion studies have been made in which a concentration 
difference exists between two portions of a medium. 
' The results of such experiments are evaluated in terms of one or another 
of the different forms of Fick’s Law. 


dc 
dx * 
where dm is the amount of solute diffusing through an area, gq, in time, df, 
when dc is the concentration difference between two points in the solution, 
dx apart, and D is the diffusion coefficient. Physically, the diffusion con- 
stant, D, represents the amount of solute which would diffuse across unit 
area in unit time under unit concentration gradient. 

An alternative form is 


Oc 0 Oc 
@) a . 2 (nX) 


which reduces to 


dt 





(i) dm = — Dq 





0c ac 
(3) at ax? 
when D is independent of concentration. 

In general, the diffusion coefficient is not independent of the concentration 
and it becomes necessary, therefore, to distinguish between an average or 
integral value over a finite concentration interval and the differential value 
corresponding to a definite concentration. The differential diffusion coefficient 
has a much greater theoretical significance than an integral value. However, 
with many types of apparatus only an integral value may be obtained, since 
the diffusion results in a concentration change during the experiment. It 

1 Manuscript received November 14, 1951. 
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has been shown for some cases, notably steady state diffusion (6) and dia- 
phragm diffusion (7) that differential values may be computed from integral 
coefficients. Gordon, stressing the necessity for caution in the interpretation 
of the experimentally measured diffusion coefficient, has written: 

“One of the most curious phenomena in the whole field of diffusion has been 
the failure of many experimenters to recognize the distinction between the 
differential diffusion coefficient, valid for a concentration, and the integral 
coefficient which results from a measurement over a range of concentrations. 
The resulting confusion has had some unfortunate consequences since the 
‘diffusion constant’ is usually only a constant in a Pickwickian sense of the 
term”’ (7). 

In principle, any type of experiment will yield differential values if the 
concentration difference is made sufficiently small, but it is not possible in 
most cases to approach this condition at all closely. However, the utilization 
of tracer methods makes possible the study of diffusion under conditions of 
zero concentration difference. In this ideal case, a limiting value of the 
diffusion constant, called the self-diffusion coefficient, is obtained. 

There is a second advantage in using tracer methods. The much greater 
sensitivity possible in the determination of materials by radioactive assay 
permits extension of the investigations to the range of very dilute solutions, 
where Fick’s diffusion equations are strictly applicable. However, the 
qualifying assumption must be made in every case that, despite the slight 
mass difference, the tracer atom behaves precisely as the inactive isotope. 
This assumption appears to hold quite well for ions in aqueous solution where 
the ions are hydrated and presumably the mass differences are relatively 
small (2). 

The increasing availability of radiosotopes over the past few years has 
led to the recent application by several workers of tracer methods to diffusion 
studies. The first experiments were actually done by Hevesy (9). In his 
experiments, radioactive lead (Th B) was plated onto the end surface of a 
lead cylinder and the penetration of the lead into itself was followed by 
measuring the intensity of the emerging radioactive rays from time to time. 
Similar studies have been made for other metals and more recently the method 
has been extended to salt crystals. In a study of the diffusion of sodium ion 
in a sodium chloride crystal, sodium chloride, labeled with Na”, was coated 
onto one face of a sodium chloride crystal. After allowing the Na”Cl to 
penetrate for a suitable time, the crystal was pared down, slice at a time, and 
the activity of successive slices measured (11). The self-diffusion coefficients 
of various ions in solution have also been determined, and, in several instances, 
comparisons made with the values predicted from the theories of Nernst 
and Onsager. Self-diffusion measurements have been utilized in the study 
of high molecular weight compounds, and as a method of following changes 
in molecular complexity. 

The diaphragm cell and several types of capillary cell have been successfully 
employed. The diffusion of the tracer isotope is followed by standard coun- 
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ting procedures. On the assumption of identical behavior, the diffusion 
behavior of the ion in question is thus revealed, and the self-diffusion coeff- 
cient is calculated by inserting these experimental data into the Fick equation, 
integrated for the boundary conditions of the experiment. 

Brady and Salley (4), using a diaphragm cell, have determined the self- 
diffusion coefficient of Na* in sodium chloride solutions, and Jehle (10) has 
determined the values for Na* and CI in solution by a capillary cell method. 
Some experiments of Adamson, Cobble, and Nielson (2) on self-diffusion 
coefficients of sodium ion in sodium chloride solutions are of particular 
interest. They used the isotopes Na” and Na*™ but no differences in diffusion 
behavior were observed. This is possibly due to the fact that the mass 
difference for the hydrated ions is relatively small. Self-diffusion coefficients 
for Na* and I~ in aqueous solution at 25°C. have been measured independently 
by Adamson (1) with a diaphragm cell, and by Wang and Kennedy (15) using 
a capillary cell with a shearing mechanism. The agreement between the 
results is very good. While the value for I~ ion lies close to that predicted 
by theory, the self-diffusion coefficient for Nat ion is found to be appreciably 
greater than the theoretical. It has been found by Whiteway et a/. (16) that 
‘for Ag* ion diffusing in silver nitrate solution, this deviation in the self- 
diffusion coefficient does not occur. The value of tracer diffusion experiments 
as a test of theory is emphasized by the report of Robinson and Drew (13) of 
measurements with solutions of 10-°M. It is noteworthy that earlier, Onsager 
and Fuoss (12) were unable to obtain reliable results below 0.05 M with 
which to test their equation although since then, accurate data have been 
published for 10~*M (8). Brady and Salley (4) appear to have been the first 
to study colloidal electrolytes by self-diffusion measurements in aqueous 
solutions. Anderson and Saddington (3) have applied self-diffusion coefficient 
measurements to the study of the reversible processes of aggregation in solution. 
A distinctive type of capillary cell was employed in which diffusion takes 
place from a capillary into a large body of liquid. This method has the 
special advantage that the measurement is relatively insensitive to slight 
vibrations as compared to larger capillaries (14). . 

A similar type of cell has been used in the present work for the determination 
of the self-diffusion coefficient of H2PO;, ion in aqueous sodium dihydrogen 
phosphate solutions. In experiments under conditions such that a concentra- 
tion gradient is present, the gradient in specific gravity may be used to suppress 
convection and bulk mixing. This stabilizing effect is absent in self-diffusion 
experiments. The difficulty is overcome by the use of narrow capillary tubes 
as diffusion cells. The radioactive solution is contained in the capillary 
which is immersed in a relatively large volume of inactive solution of the 
same concentration. The success with which convection effects have been 
eliminated is evidenced by the independence of the measured self-diffusion 
coefficient of the duration of diffusion. 


The experimental conditions are such that diffusion proceeds from a con- 
fined region of finite length across the interface into an infinite medium. 
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Integration of the general Fick equation 


Oc ac 
4 — « D — ae 
(4) ot Ox” 
| | gives the ratio R of the average activity 
in the capillary after diffusion to that 


a Ee a before diffusion, 
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(5) R= —\2 +¢ +> 
9 25 


The series is rapidly convergent and sufficient accuracy is obtained if only 
the first term is used (the error due to neglecting higher terms is about 0.3% 
(5)). LZ is the length of the capillary. 


8 —r?Dt/4L? 
—se , 


1.e.R=-3 
8 ax Dt 
In R = In p> foe 
(6) and D = (1p & —In R) = S21E'( tog Lf — log R). 
wt 7 wt T 


The main error in determining D will be due to errors in R. Differentiating 
Equation 6 with respect to R indicates that the effect of inaccuracies in R 
will be least when R is about 0.3. The effect does not change much for 
values of R up to 0.5 and owing to practical considerations in the experiments, 
the activity ratios were nearer this value (5). 


EXPERIMENTAL 

Capillary tubes about 1 mm. in diameter and from 2 to 4 cm. in length were 
used in the experiments. The cells were cut from a length of Pyrex tubing 
which was found, by measuring the length of a mercury thread in the bore, 
to have a uniform bore. Suitable lengths were cut and one end ground flat 
and square. The other end was ground to a taper to reduce the disturbance 
caused by immersion. The length of each was accurately measured with a 
micrometer. The capillary cells were held tight against the base of a lucite 
carrier by fitting them with threaded lucite collars and screwing these into 
suitably tapped holes in the carrier (Fig. 1). A good seal was ensured by a 
smear of silicone grease. Three such capillaries were held by the carrier 
consisting of the lucite base held horizontally by an upright glass rod. This 
apparatus had the advantage that the cells were conveniently removable for 
cleaning or replacement. 

In carrying out an experiment, 200 ml. of inactive solution was filtered into 
a 250 ml. beaker, which rested on a cork disk in a 400 ml. beaker. The 
400 ml. beaker was placed in a domed lid vacuum desiccator which was heavily 
weighted. The capillary cells were filled with a radioactive solution of the 
same concentration as the inactive solution and the glass rod of the carrier 
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Fic. 1. Self-diffusion apparatus. 




















passed through a stopper fitted into the hole in the desiccator lid. The lid 
was placed on, and the desiccator put in the thermostat whose temperature 
was maintained at 25.0°C. The water level was such that the desiccator 
was almost completely covered. The carrier was then lowered until the open 
ends of the capillaries were just above the surface of the outer solution, and 
left in this position. When temperature equilibrium had been attained, the 























Fic. 2. Arrangement for self-diffusion experiment. 
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carrier was gently lowered until the cells were completely immersed. At 
the end of a known diffusion period, the carrier was raised, removed, and the 
exterior of the cells dried. The contents of each capillary cell was transferred 
to an aluminum counting tray by means of a fine pipette, the cell was washed 
three to five times with distilled water, these washings were added to the same 
tray, and the liquid content evaporated to dryness. A reference sample was 
then prepared by refilling the cell, previously dried, with the active solution, 
and transferring the cell contents to a tray as outlined above. 

The radioactive content of the tray was then measured, using the G.M. 
counter, the reference sample being counted immediately before and after the 
experimental tray, so that no decay correction was required. From the 
radioactive ratio R, the self-diffusion coefficient is calculated. 

Experiments with Na” 

In order to check the accuracy of the method, the self-diffusion coefficient 
of Na* in 0.1 M sodium iodide was measured, using Na”, for comparison 
with the value obtained by Wang and Kennedy (15). The results are given 
in Table I. 

TABLE I 
SELF-DIFFUSION COEFFICIENT OF Na* IN 0.1 MOLAR Nal; 25.0°C. 








| 
Cell dimensions, mm. 














Diffusion D x 10° 
Length | Diam. time, min. | R cm.? sec.~! 
38.75 .| 0.961 5208 | 0415 |. 1.30 
40.23 | 0.961 5208 | 0.440 | 128 
40.86 | 0.961 5208 | 0.455 - | 1.25 
38.75 | 0.961 7366 0.325 | 1.26 
40.86 | 0.349 | 1.29 

| 


0.961 7366 





The mean value is 1.282 XK 10~ cm.’sec.~! as compared with 1.274 X 107° 
obtained by Wang and Kennedy under the same conditions. 

The self-diffusion coefficients were calculated from the experimental results 
as in the following example: 

The length of the cell was 38.75 mm. The diffusion time was 5208 min. 
The results of counting the diffusion sample and the reference samples pre- 
pared before and after the experiment were as follows: 











| Observed Counting rate | Background | Net 
| counting corrected for resolving | counting | counting 
| rate, R/M* | time error, R/M rate, R/M | rate, R/M 
Reference | | 
sample | 60.37 62.50 | 0.37 62.13 
Diffusion | 
sample 26.12 26.50 0.54 25.96 
Reference | | 





sample | 61.13 | 63.40 0.34 | 63.06 





*R/M = registers/minute; 1 register = 64 counts. 
Mean value of net counting rate of reference samples = 62.60 R/M. 
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Proportion of activity remaining in cell after diffusion 


_ 25.96 


=R= eo 


= 0.415. 


Hence, 





9.21 L° 8 
D= 7, (10g i log R) 


9.21 (3.875)° 
= 33 Jes oY (.9088 ~ 1) — (.6180 — 1)} 


1.30 X 10°-°cm.*sec.* 





Experiments with P® 
Solutions of sodium dihydrogen phosphate were prepared by dissolving 
reagent grade NaH»PQO,.H.O in distilled water. 
The tracer P® was obtained from Chalk River as phosphoric acid in solution. 
In preparing a radioactive solution, an amount of this phosphoric acid solution 
sufficient to give the desired counting rate was evaporated to dryness with 
‘nitric acid, to ensure that the activity was in the PO? form. The residue was 
unweighable. The labeled solution was prepared by taking this activity up 
in about 20 ml. of the inactive solution. 
Viscosities of the sodium dihydrogen phosphate solutions were determined 
using an Ostwald viscometer. 
The results of self-diffusion measurements are given in Table II. Each 
value of D is a mean value from four to six experiments. (Actual values 
plotted in Fig. 3.) 











TABLE II 
SELF-DIFFUSION COEFFICIENTS IN P82 LABELED NaH2PO, SOLUTIONS AT 25.0°C. 
Concentration, | D xX 10® Viscosity, 7, [H2PO-] - 
moles/I. cm.? sec. centipoise DX xX 10° pH {H PO] 
1.006 5.19 1.323 6.86 3.72 2.55 X 103 
0.506 7.03 1.075 7.56 3.86 1.84 X 108 
0.0991 7.67 0.924 7.09 4.21 8.22 x 10? 
0.0493 7.78 0.922 7.17 4.44 4.85 X 10? 
0.0102 7.91 0.916 7.25 4.76 2.32 X 10? 
0.00488 8.30 0.913 7.58 4.83 1.97 X 10? 
0.00103 8.68 0.905 7.85 5.32 .64 X 10? 
0.000503 8.33 0.902 7.51 5.48 44 X 10? 
0.0000987 8.74 0.897 7.85 5.70 27 X 10° 




















The diffusion coefficient is plotted against the log of the concentration in 
Fig. 3. It is seen that there is an approximately linear relation between D 
and log c for concentrations between 107! to 10-* M. The equation for the 
linear portion is D X 10° = 7.30 — 0.363 log c with a standard deviation of 
0.28. The rapid rise in the value of D for solutions between 1 and 107! M 
may be due to the large change in viscosity. Table II indicates that the 
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Fic. 3. Plot of diffusion coefficient versus the log of the concentration of sodium dihydrogen 
phosphate. 
product Dn is approximately constant. The self-diffusion coefficient is plotted 
against the square root of the concentration in Fig. 4. By extrapolation, the 
value of the self-diffusion coefficient at infinite dilution is found to be 
Do = 8.9 X 10~* cm.’sec.~! Table II also records the values of the pH of 
the solutions and the ratio, [H PO; ]/[H2POz] as determined from 
[H*][HPO.] 


~ -e —8 
“TH POcT 7 Kt = 7-5 x 107. 


The calculations indicate that for concentrations greater than 0.005 M the 
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Fic. 4. Plot of diffusion coefficient versus (moles NaH2PO, per liter)}. 
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contribution of HPO, ion may be neglected, and that it is stil] small even at 
10~* molar. Similar calculations, using 


[H*][H-PO.] _ [H*][H2PO. ] 
[Ki] 12x 107 ’ 





indicate that the contribution of phosphoric acid is also very small. 
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THE BINDING OF ANIONS BY LYSOZYME, CALF 
THYMUS HISTONE SULPHATE, AND PROTAMINE SULPHATE! 


ry J. Ross COLVIN 


ABSTRACT 
The adsorption of a large series of anions by positively charged lysozyme, calf 
thymus histone sulphate, and protamine sulphate has been studied by dialysis 
equilibrium. One group of anions was not adsorbed by lysozyme while the 
adsorption isotherms for Orange I, Orange II, and 2, 4-dinitro-1-naphthol-7- 
sulphonic acid were S-shaped. These anomalous isotherms, which were also 
obtained with histone sulphate and protamine sulphate, have an appreciable 
temperature coefficient at intermediate dye concentrations. It is emphasized 
that this type of adsorption is inconsistent with the exclusively electrostatic 
view of protein binding of anions. It is also shown that — AF, — AH, andAS per 
mole of anion bound must pass through a maximum for intermediate free anion 
concentrations in such systems. The lack of binding of some anions and the 
anomalous isotherms for others is interpreted in terms of a solvation sheath 
about the charged protein. Their significance for the general process of binding 
of ions by proteins is discussed. 
INTRODUCTION 
Although the combination of ions with various proteins has been the 
subject of many investigations (8), our understanding of the detailed mechan- 
isms involved in the formation of many such complexes is still limited. In 
recent years, however, the binding of anions by negatively charged proteins 
has been explained almost exclusively in terms of electrostatic forces between 
the components (14, 16, 22, 25). Such an interpretation assumes that the 
Coulomb attraction between the anions and one of a series of identical cationic 
centers on the protein is chiefly responsible for the formation of the complexes. 
Using this idea, the binding of many anions may be described quite adequately 
by a Langmuir adsorption isotherm, modified in certain instances by electro- 
static repulsion (16). However, the concept of identical sites cannot be 
generally valid (12, 13, 24). Furthermore, because of the known importance 
of ion—dipole and dispersion forces in analogous systems (6) it seems doubtful 
that electrostatic forces can be the only important factor in binding of anions 
by proteins. . Klotz and Walker have reported (15) that methyl orange, the 
anion most widely used in studies of this kind, is not bound to lysozyme 
although this protein has an isoelectric point of 11 (1) and possesses 20 cationic 
groups in the region of neutrality (7). If the hypothesis referred to above 
were generally applicable, methyl orange should be bound quite strongly at 
pH 7.6. Accordingly, the discrepancy between observation and prediction 
has been investigated. 


METHODS AND MATERIALS 
All adsorption isotherms were obtained by the dialysis equilibrium technique 
in which anions are distributed between a protein solution on one side of a 
semipermeable membrane and a buffer solution on the other. Detailed 
1 Manuscript received December 19, 1951. 
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descriptions of this method are available elsewhere (12, 13, 16). The screw 
caps of all vials were lined with aluminum foil and controls on the adsorption 
of dve by the 18/32 Visking cellulose tubing were included in all experiments. 
The vials, of approximately 15 ml. total capacity, were equilibrated on a 
rotating dialyzer for six hours at room temperature. Model experiments 
showed that this interval was sufficient to attain anion equilibrium, while 
Klotz (15) has demonstrated that the transfer of lysozyme across the membrane 
in this interval may be neglected to a first approximation. Any errors due to 
this source would tend to reduce rather than enhance the effects reported in 
this study. Lysozyme concentrations, corrected for moisture content deter- 
mined by heating under vacuum at 100° for 16 hr., were usually of the order 
of 1 X 10-* M assuming a molecular weight of 14,000 (20). Except where 
otherwise mentioned, the lysozyme and anions were dissolved in 0.05 M 
phosphate buffer, pH 6.8. The total volume of liquid in each vial was 10 ml., 
being equally distributed between the protein solution and the external buffer. 

After equilibration, concentrations of each anion in the external buffer 
were estimated by a Beckman quartz spectrophotometer, Model DU, from 
simultaneously determined calibration curves. Wave lengths used for the 
-various anions were as follows: Methyl orange, Orange II, Orange I, phenol 
red, methyl red: 5400 A; p-nitrophenol: 4500 A;.p-hydroxyerioglucine (fast 
green F.C.F.): 4300 A; 2,4-dinitro-1-naphthol-7-sulphonic acid: 4800 A; 
picrate: 4800 A; fluorescein: 5200 A. 

Lysozyme and serum albumin used in this study were crystalline products 
obtained from Armour and Co., Chicago. Histone sulphate was prepared 
by the procedure of Kossel (19) and was shown to be positively charged at 
pH 6.8. It was heterogeneous both electrophoretically and in the ultra- 
centrifuge. Protamine sulphate, obtained from Brickman and Co., Montreal, 
was positively charged at pH 6.8 and appeared to be quite homogeneous 
electrophoretically. It was heterogeneous, however, in the ultracentrifuge. 

The sodium salts of the dyes were obtained as follows: methyl orange; 
Orange I, Orange II, and sodium p-nitrophenolate were purified by recrystal- 
lizing commercial products once from water, washing with alcohol and ether, 
and subsequently drying the residue over calcium chloride. Sodium picrate 
and the disodium salt of 2,4-dinitro-1-naphthol-7-sulphonic acid were prepared 
by neutralizing the free acid with sodium hydroxide and then recrystallizing 
the salts once from water. After washing with alcohol and ether they were 
dried over calcium chloride. Phenol red (Merck’s reagent grade), methyl 
red (Mallinckrodt’s indicator), the disodium salt of p-hydroxyerioglucine 
(fast green F.C.F.) obtained from Anachemia, and fluorescein (Eastman 
Kodak) were used without further purification, after drying over calcium 
chloride. 


All buffers were made up according to Clark (4) from reagent grade material 
and checked against commercial standards. 

Those experiments involving a determination of the temperature dependence 
of binding were carried out in rooms maintained at a given temperature + 0.5°C. 
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RESULTS 
In preliminary experiments, Klotz’s observation that methyl orange was 
not detectably bound by native lysozyme was confirmed. Likewise, lysozyme 
in 6 M urea does not. adsorb methyl orange (Table I) although lysozyme 
denatured by heating at 100° for one hour takes up appreciable quantities of 
the dye (Table II). 
TABLE I 


NONINTERACTION OF METHYL ORANGE AND LYSOZYME IN 6 M UREA IN DIALYSIS 
EQUILIBRIUM EXPERIMENTS* 








Optical density of buffer 
external to lysozyme: Optical density of buffer 
| 








6 M urea external to control 
0.009 0.007 
0.062 0.067 
0.147 0.147 
0.294 0.297 





*Equal quantities of methyl orange added to external 
solutions of each pair of vials prior to equilibration. 


TABLE II 


ADSORPTION OF METHYL ORANGE BY HEAT DENATURED LYSOZYME IN DIALYSIS 
EQUILIBRIUM EXPERIMENTS 























Opt. density of buffer external to cellulose 
Sample tubing after equilibration* 
Series1 | Series2 | Series 3 Series 4 
slat ee! EEA 
A 0.18 0.28 0.47 | 0.52 
B 0.18 0.29 | 0.43 0.55 
c 0.30 0.58 | 0.83 | 0.90 
D 0.26 057 | 083 | 1.00 
NOTE: 7 


A = Aliquot of lysozyme denatured directly in the sac of 
cellulose tubing. 

B = Aliquot of lysozyme denatured prior to pipetting into 
the sac of cellulose tubing, with the coagulum ground 
as finely as was practicable and suspended before 
pipetting. 

C = Control sac, without lysozyme, treated in the same 
manner as Sample A. 

D = Control, without lysozyme. Aliquot of buffer only, 
without heat treatment. 

*Equal quantities of methyl orange added to the external solu- 
tions of each series before equilibration. 


In addition, since lysozyme alone has a mobility of 3.82 X 107~> cm.? per 
v. sec. while in the presence of serum albumin it has a mobility of 
3.97 X 10-° cm.* per v. sec., positively charged lysozyme cannot interact 
with negative serum albumin at pH 6.8. This result had been predicted 
previously by Klotz and Walker (15) on the basis of precipitation experiments. 

These preliminary experiments confirmed the basis of the investigation for 
they demonstrated clearly that the simple electrostatic theory must be 
revised. Further work showed that the anions of methyl red, p-nitrophenol. 
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p-hydroxyerioglucine, picrate, and fluorescein were not adsorbed by lysozyme 
at pH 6.8. Experiments with phenol red, 2,4-dinitro-1-naphthol-7-sulphonic 
acid, and Orange I (Fig. 1) and with Orange II (Fig. 2) showed that all these 
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Fic. 1. The binding of phenol red, 2, 4-dinitro-1-naphthol-7-sulphonic acid, and Orange I 
by lysozyme at pH 6.8. @ Orange I; x phenol red; © 2, 4-dinitro-1-naphthol-7-sulphonic acid. 
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Fic. 2. The binding of Orange II by lysozyme at pH 6.8. Similar symbols identify the 
points belonging to the same independent experiment. 


anions were bound by lysozyme in increasing order of binding strength. In 
all figures the isotherms were fitted visually to the series of individual points 
which represent estimates from up to four independent experiments. 
Although p-nitrophenol has a pK of 6.5 (18) lysozyme did not absorb this 
anion even at pH 8.0 where ionization is practically complete. 
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The results for the first group of anions were quite unexpected because of 
the high positive charge possessed by lysozyme and because the anions are 
all adsorbed strongly by negative proteins. Lack of binding of the nitro- 
phenols was particularly surprising in view of their high relative affinity for 
serum albumin and wool (23, 24, 25). Certainly, on the basis of simple 
electrostatic theory, the doubly charged anion, p-hydroxyerioglucine (18), 
ought to be very strongly held; but no evidence of this was found. 

Ordinarily, in systems containing both proteins and ions, if binding occurs 
at all, the isotherm is concave to the concentration axis over the whole range. 
However, from Figs. 1 and 2 the binding of Orange I, Orange II, and 2,4- 
dinitro-1-naphthol-7-sulphonic acid by lysozyme under these conditions is 
anomalous. The isotherm is clearly convex to the concentration axis at low 
dye concentrations in what will be referred to as the exponential phase. Quite 
clearly, throughout this phase the adsorption of one anion promotes the 
adsorption of another. However, for Orange I and Orange II this part of 
the isotherm is succeeded by a linear interval and then a logarithmic phase, 
the sum of the two corresponding to the usual form for negative proteins. 

Moreover, a considerable amount of work has established that this shape 
of the curve is not due to experimental error. Four independent experiments 
covering a wide range of total anion concentrations confirmed this shape as 
shown by Fig. 2. Control experiments for the adsorption of Orange II on 
serum albumin and £@-lactoglobulin and for methyl orange on serum albumin 
under similar conditions gave the normal pattern. It is also significant that 
the isotherm for Orange II on lysozyme given here is in good agreement with 
the portion of the curve obtained by Klotz (14) for the same system at high 
concentrations of the dye. Finally, because Beer’s law is obeyed by Orange II 
up to very high concentrations the inflection point and subsequent leveling 
of the isotherm for this anion on lysozyme cannot be due to micelle formation. 

The binding of Orange II by lysozyme is strongly suppressed by high 
concentrations of urea (Table III). Denaturation, however, does not appreci- 
ably inhibit the binding of Orange II. Unfortunately, insolubility of the 
denatured lysozyme prevents quantitative estimation of the degree of binding 
under these conditions. 

TABLE III 
INHIBITION OF BINDING OF ORANGE II BY LYSOZYME IN THE PRESENCE OF UREA; 0.05 17 
PHOSPHATE BUFFER, pH 6.8 








Average number of Orange II 
Initial molarity of urea | molecules bound per molecule of protein 








0 1.68 
0.1 1.54 
0.25 1.19 
0.50 0.67 
1.00 0.57 
2.00 0.27 





Note: All vials contained equal quantities of total dye anion and of 
lysozyme. 
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Fic. 3. The effect of pH change on binding of Orange II by lysozyme. 
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¥ The effect of increasing pH on the binding of Orange II by lysozyme is 
. shown in Fig. 3. Glycinate buffers (0.1 M sodium hydroxide and 0.1 M 
é glycine with 0.1 M sodium chloride) were used for the higher pH’s. In this 
° comparison, the small differences in the competitive effects of the glycinate 
: and phosphate ions were neglected (17). As expected the amount of binding 
h decreases as the pH increases but the anomalous form of the isotherm persists 
, even at pH 10.5. Experiments, not indicated on the graph in the interests 
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of clarity, showed all the isotherms to be horizontal at very low anion concen- 
tration. All these results indicate that this cooperative binding of anions by 
positive proteins is a valid reproducible observation and is not an artifact of 
the analytical methods employed. 

Fig. 4 shows the effect of temperature change on the adsorption of Orange II 
on lysozyme. Since the isotherms converge at their extremes, the temperature 
coefficient of binding decreases at both very low and high concentrations of 
free anion but is appreciable at intermediate concentrations. The effect is 
completely reversible, and is in sharp contrast to the behavior usually found 
for most other protein-ion complexes (14). 

The unusual shape of the isotherms for Orange I and Orange II on lysozyme 
suggested an investigation of the adsorption properties of the positively 
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Fic. 5. The binding of methyl orange, Orange II, and 2, 4-dinitro-l1-naphthol-7-sulphonic 
acid by histone sulphate at pH 5.5, @ methyl orange; 4 Orange II; © 2, 4-dinitro-1-naphthol-7- 
sulphonic acid. 


charged proteins, calf thymus histone sulphate and protamine sulphate. 
The binding of methyl orange, Orange II, and 2,4-dinitro-1-naphthol-7- 
sulphonic acid on histone sulphate and protamine sulphate at pH 5.5 is re- 
corded by Figs. 5 and 6 respectively. The lower pH was made necessary 
by the low solubility of the histone salt in phosphate buffers at pH 6.8. The 
isotherm found for 2,4-dinitro-1-naphthol-7-sulphonic acid on protamine 
sulphate at very high free anion concentrations is shown in Fig. 7. Except for 
the binding of 2,4-dinitro-1-naphthol-7-sulphonic acid by histone, all isotherms 
show an exponential period during the adsorption of the anion. In those 
systems where this cooperative adsorption could be studied it was followed 
by an interval with normal decreasing free energy change per mole of anion 
bound. 
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naphthol-7-sulphonic acid. 


Finally, it will be observed that the isotherms plotted for 2,4-dinitro-1- 
naphthol-7-sulphonic acid (Figs. 6 and 7) do not join smoothly in their common 
range of free dye concentration. This discrepancy between consecutive 
experiments is presumed due to the high temperature coefficient noted earlier. 
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DISCUSSION 


Because of the presence of the exponential phase, the form of these isotherms 
precludes any application of the simple theory of Klotz et al. (16) except 
possibly at very high free anion concentrations. The shape of the curves, 
together with the relative binding affinities of the various anions, shows that 
factors other than electrostatic forces must be important in the binding of 
anions to protein. Otherwise, the anions of methyl orange, methyl red, 
p-nitrophenol, and sodium picrate should be bound as strongly as Orange II 
to lysozyme. This conclusion is reinforced by the differences in binding 
capacity of lysozyme for the isomers Orange I and Orange II, as well as the 
existence of specific buffer effects (17). Furthermore, if the electrostatic 
attraction were the predominant contribution to binding, the doubly charged 
anion, p-hydroxyerioglucine, would be held much more strongly than Orange II. 
Finally, the displacement of Orange II from lysozyme by urea, and the 
failure of native lysozyme to combine with serum albumin, cannot be resolved 
solely in terms of simple Coulomb forces. Their effects must often be strongly 
modified by steric factors and ion—dipole or dispersion forces. 


The idea that nonelectrostatic forces are operating in the combination of 
anions and proteins is not new or surprising because of the known importance 
of modifying factors in analogous systems (6). It must be re-emphasized 
only because of recent criticism (14). Klotz, indeed, has recognized the 
evidence for participation of van der Waals’ forces but has rejected the idea 
of their general importance on the ground that the AH of binding of most 
anions to proteins is known to be small. This argument is not valid, since it 
arbitrarily assumes that, for negligible changes in volume, by far the greater 
part of the increase in energy required to detach the water of solvation from 
the protein is balanced by the decrease in electrostatic energy between the 
components. Such an assumption cannot be generally true and, as a conse- 
quence, the van der Waals’ component may be appreciable, especially for 
larger anions or proteins. 


The isotherms obtained in this study suggest that cooperative binding of 
anions at low free dye concentrations may be a general property of small, 
positively charged proteins. However, even if this group proves to be an 
isolated case, possible explanations of the anomaly in terms of statistical 
mechanical models are of the greatest interest. One such model, often used 
in gas-solid systems to explain curves of a similar shape, postulates direct 
attractive interaction between uncharged, adsorbed molecules on the surface 
of the adsorbent due to mutual van der Waals’ forces (3). Unfortunately, 
for small proteins in the liquid systems under consideration here, any direct 
interaction between adsorbed anions must be repulsive, since the electro- 
static forces decrease as r~? while the van der Waals’ forces decrease as some 
higher inverse power of r. In addition, this simple model cannot explain 
why there should be an initial resistance to binding of nearly all anions by 
these positive proteins. Because of the opposite sign of the charge on protein 
and anion Verwey and Overbeek’s concept of electrical double layer repulsion 
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(26) likewise provides no solution of this problem. Finally, the phase change 
which usually accompanies binding of anions to these proteins cannot be 
considered the cause of the exponential form of the isotherm at low concentra- 
tions. Such an interpretation requires the postulate that the total number of 
sites or the intrinsic binding constants of the groups on the protein are greater 
for precipitated material than for monodisperse, soluble preparations. The 
validity of such a premise seems extremely unlikely. 

An extension of the old notion of electrostriction of solvent about charged 
centers on a protein does provide a model which rationalizes these observa- 
tions. The solvation mantle which exists about ions in solution, protein or 
otherwise (5, 9, 10, 11, 14), is particularly evident for cations (2, 21). Accor- 
dingly, around the strongly positively charged centers of lysozyme, histone, 
and protamine there is a sheath of solvent molecules partially immobilized 
and orientated by the strong inhomogeneous local field. Although the 
strength of attachment of solvent will certainly vary from point to point, 
this mantle must hinder the approach of any other particle to the protein 
because of the work which must be done to remove the “‘sheath’’. In general, 
of course, regions of the protein-solvent interface affected by such electro- 
. striction will be isolated. Such is the case for most large negative proteins, 
e.g., like serum albumin, where the cationic centers are separated by anionic 
groups. Consequently, the local field about any one group is decreased, the 
solvent-sheath is restricted in extent, and the work required to remove one 
solvent molecule is diminished. If the protein molecules are small, however, 
and carry a sufficient number of positive charges, the mantle will extend over 
the whole “‘surface”’ of the protein and will prevent combination with other 
ions. This mantle would be particularly evident fora protein like lysozyme 
with only one free carboxyl (7), thus explaining the nonbinding of many 
anions such as methyl orange. If, however, the anion is large or its structure 
is such that close approach to the protein is favored, the electrostatic factor 
plus the dispersion forces are sufficient to overcome the barrier, especially. 
at higher concentrations of free anion. The resultant binding of the ion 
reduces the total strength of the composite field about the positive protein, 
and therefore the work necessary to remove additional ‘‘frozen’’ water mole- 
cules. Later anions are thus bound more easily, accounting for the exponential 
phase of adsorption. Eventually, however, electrostatic repulsion between 
the bound anions as well as spatial limitations on small proteins must prevent 
further binding. As a result the isotherm passes through an inflection point 
and reaches a plateau. 

This interpretation is supported by the following. At constant temperature, 
the point at which the isotherm attains a detectable curvature upwards is 
shifted towards higher free anion concentrations with increasing pH (Fig. 3). 
This change would be expected on the basis of the above speculations since 
the hydrogen bonds and the London dispersion forces would be affected only 
to a small extent by a change in charge on the protein. The sum of these 
forces may thus contribute a substantial component, which is relatively 
insensitive to the net charge, to the local field about any given group on the 
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protein. Therefore, a higher concentration of free anion would be required 
to initiate the exponential phase. In this process, the effect of the reduction 
of the total number of positive groups with increasing pH is greater than the 
effect of decreasing the electrostatic component of the composite field about 
the protein (Fig. 3). This too is in accord with the above scheme, especially 
since the effect of a change from pH 6.8 to 9.1 is much less than the effect of 
a change from 9.1 to 10.5. It is also significant that denaturation of lysozyme in- 
creases its capacity to bind methyl orange since the unfolding and disorientation 
would reduce the total height of the barrier about any given cationic group with- 
out greatly reducing the total number of positive centers. Finally, comparison 
of the isotherms for the three proteins will show that the affinity for binding 
of the anions is in the order Orange II > 2,4-dinitro-1-naphthol-7-sulphonic 
acid > methyl orange. The constant order for each of the proteins implies 
that similar processes may be involved. Admittedly, this assumption cannot 
be pushed too far since 2,4-dinitro-l-naphthol-7-sulphonic acid shows no 
hint of cooperative adsorption on histone. In this instance, electrostatic 
attraction plus the other forces mentioned appears to be sufficient to overcome 
the barrier at all concentrations of free dye. 

If the hypothesis outlined in the preceding paragraph is correct, the binding 
of Orange II by lysozyme has a larger temperature coefficient (Fig. 4) than 
the binding of an equivalent amount of water. Unfortunately, no direct 
means of testing this conclusion exists. 

Although it is impossible at the present time to give a quantitative analysis 
of these isotherms either by statistical mechanics or from a thermodynamic 
point of view, some interesting conclusions can be drawn from their general 
properties. Obviously — AF per mole of anion bound increases (numerically) 
from a small value at the outset to a maximum and then decreases as total 
free dye concentration increases. In addition, study of Fig. 4 demonstrates 
that the — AH (and — AE also if the volume change is assumed to be negli- 
gible) per mole of anion bound also rises to a maximum and then decreases. 
Hence the character of the successive reactions PA, + A — PAn4 
changes radically, as adsorption on a protein molecule proceeds from a low 
average number of anions bound per protein molecule to a high one. Since 
AF in the initial stages of binding is very nearly zero while AH is zero or 
slightly negative, AS must be very close to zero for the initial stages of binding. 
As the average number of anions held by a protein molecule increases, how- 
ever, AS must also rise to a maximum and then decrease. This follows from 
Fig. 4 which shows that when — A/#/ is decreasing as a function of free anion 
concentration, — AF is still increasing. This conclusion is quite different 
from those reached by a study of binding of anions by negative proteins (14). 
The most obvious interpretation of the course of AS is that the first anions 
are bound without displacement of solvent while binding of later anions 
involves the simultaneous release of solvent. Such a view also explains the 
maximum in the numerical values of — AH and — AE. 

If this hypothesis is substantially correct there should be a positive correla- 
tion between the degree of hydration of cationic proteins and the charge of 
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each. Furthermore, assuming that the strength of binding of solvent mole- 
cules is proportional to the differential heat of hydration of the protein, there 
should be an inverse correlation between the binding affinities of proteins 
per unit weight, for a given ion, and their heats of hydration. Unfortunately, 
data of this kind are meager at present and are complicated by the wide 
differences in composition of the proteins. Work is continuing on these 
systems, however. 


Finally, the presence of a charge effect, as postulated here, complicates the 
interpretation of any comparison of the competitive binding effects of buffer 
anions, such as that of Klotz and Urquhart (17). 


In brief, the general process of protein—anion binding is more complex 
than has been admitted lately. With particular systems under favorable 
conditions, electrostatic attraction may be chiefly responsible for the negative 
AF of binding. However, the effects of the electrostatic contribution may 
be equaled or even exceeded by the van der Waals’ component. In addition, 
the effect of both of these attractive forces may also be modified markedly 
by the work required to remove part of the solvation mantle of the protein. 
Consequently, any wide generalizations are dangerous. Each system must 
’ be studied separately or, at best, as a member of a narrow class. 
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PREPARATION OF KETENE FROM GLACIAL ACETIC ACID. 
METHYL ACETATE, AND ETHYL ACETATE! 


By K. K. GEORGIEFF 


ABSTRACT 


Laboratory studies were carried out to determine whether methyl and ethyl 
acetates could be pyrolyzed to give yields and conversions to ketene comparable to 
those obtainable from acetic acid. Acetic acid was pyrolyzed to ketene and water 
in the presence of 0.33% triethyl phosphate or phosphoric acid catalyst at 680°- 
760°C. and 140-160 mm. Hg absolute. Maximum yield obtained was 80.6% 
and maximum conversion 34.5%. Methyl acetate was cracked to ketene and 
methanol at 610°-685°C. and 95-400 mm. absolute, using triethyl phosphate, 
phosphoric acid, sulphuric acid, dimethyl sulphate, butyl borate, and silica gel- 
boric acid as catalysts. High yields could be obtained only with phosphates in 
2-3% concentration. Maximum yield to ketene, including ketene recovered as 
acetic acid, was 76% (conversion 31-34%). Maximum yield to methanol was 
81.3% (conversion 33-34%). Methyl acetate containing 18% methanol was 
also cracked but results were poorer. Ethyl acetate, in the presence of 0.33% 
triethyl phosphate, was pyrolyzed to ketene, ethylene, and water at 630°-685°C. 
and 140-190 mm. absolute. Maximum yield of ketene, including ketene re- 
covered as acetic acid, was 85.8%. Maximum conversion to ketene was 35.4% 
and to ketene plus acetic acid 85.7%. Yields to ethylene were nearly quantitative. 


INTRODUCTION 

The production of ketene from acetic acid and its conversion to acetic an- 
hydride for the manufacture of cellulose acetate have been carried on indus- 
trially for many years. However, to determine whether high yields and 
conversions to ketene could also be obtained from esters of acetic acid, in- 
vestigations were carried out on methyl! acetate and ethyl acetate, as well as 
on acetic acid. 

The preparation of ketene from acetic acid has already been described 
somewhat extensively in the literature but was repeated here so that yields, 
conversions, catalyst consumption, etc. could be compared with those ob- 
tained with methy] acetate and ethyl acetate. Industrially, ketene is produced 
with a yield of 90% and a conversion of 75% by passing acetic acid, together 
with 0.2% by weight of triethyl phosphate, through a stainless steel tube at 
700°-730°C . and 100-450 mm. absolute (5). Our experiments were carried out 
under essentially these conditions, and the ketene was passed into glacial 
acetic acid to convert it into acetic anhydride. When satisfactory yields were 
obtained with acetic acid, the investigation was continued with methyl 
acetate and ethyl acetate. 

The pyrolysis of acetate esters to ketene has already been described. 
Wilsmore (9) discovered that ethyl acetate could be pyrolyzed to ketene by a 
heated wire, but his apparatus gave only low yields. Hurd (2) pyrolyzed 
ethyl acetate in a vertical glass tube and obtained chiefly acetic acid and 
ethylene but he also obtained traces of ketene. Loder (6) described the pyro- 
lysis of esters of saturated aliphatic carboxylic acids in a heated copper tube 
to ketenes and the corresponding alcohols. He claimed a ketene yield of 


1 Manuscript received September 19, 1951. 
Contribution from the Research Laboratories, Shawinigan Chemicals Limited, Shawinigan 
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87.8% from methyl acetate using silica gel impregnated with. boric acid as 
catalyst, but he gave no indication either of his methanol yield or his con- 
versions. However, since this was the only prior disclosure of high yields of 
ketene from acetate esters, it was decided to first try out Loder’s silica gel— 
boric acid catalyst. We were able to obtain only very low yields and con- 
versions. In any case, it was obvious from these preliminary experiments 
that the catalyst would probably require frequent regeneration and the re- 
generation was not likely to be easily accomplished. To avoid this difficulty, 
it was decided to try to find a volatile catalyst which could be added to the 
feed. Triethyl phosphate and 85% orthophosphoric acid proved to be 
satisfactory. 

Loder (6) also indicated that ethyl acetate pyrolyzed to ketene and ethanol, 
but in this investigation ketene, ethylene, and water were obtained. Since 
completion of this work,* a patent (7) has been issued describing the use of 
a mixture of triethyl phosphate and pyridine as catalyst and giving the 
products as ketene, ethylene, and water. Optimum conditions disclosed were 
essentially the same as those found in this investigation, but the yields and 
conversions claimed were higher. 


EXPERIMENTAL 


Pyrolysis of Acetic Acid and Ethyl Acetate 

The same apparatus, procedure, catalyst, feed rate, and absolute pressure 
were used for acetic acid and ethyl acetate. Both materials used were manu- 
factured by Shawinigan Chemicals Ltd. and analyzed at least 99.5%. The 
apparatus is shown in Fig. 1. Acetic acid containing 0.33% by weight of 
triethyl phosphate was fed at a constant rate from a feed bottle into a stainless 
steel pyrolysis tube heated by an electric furnace. The products of reaction 
(i.e. ketene, water, and permanent gases) and the unconverted acetic acid 
were passed through one water-cooled and two brine-cooled condensers to 
condense out the water, acetic acid, and some acetic anhydride formed by 
the interaction of ketene with acetic acid. The remaining ketene then passed 
into two fritted glass scrubbers containing acetic acid where it was quantita- 
tively converted to acetic anhydride. The residual permanent gas was scrub- 
bed with 20% potassium hydroxide solution, dried with calcium chloride, and 
exhausted by two Presso-Vac pumps operating in parallel. Its volume was 
then measured by a wet-test meter. Since the reaction of ketene and acetic 
acid is highly exothermic, the rate of production of ketene was followed by 
observing the temperature of the cooling bath required to maintain any given 
temperature within the acetic acid scrubber. The length of most runs was 
five and one-half to six hours. 

A constant feed of acetic acid, which is absolutely essential for good opera- 
tion, was obtained by maintaining a near constant head of liquid above a 
glass capillary of the proper size. Some difficulty was encountered owing to 
plugging of the capillary, but this was largely overcome by introducing the 


*Experimental work on ethyl acetate was completed in October 1945. 
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Fic. 1. Apparatus for the preparation of ketene from acetic acid or ethyl acetate. 


acid into the feed bottle through a fritted glass filter and by keeping in readiness 
a stand-by capillary. 

The pyrolysis tube, which was heated by electrical resistance elements, 
consisted of an S-shaped stainless steel tube, 13/32 in. I.D. and 50 in. long, 
to which was welded an 8 in. length of 1 in. pipe containing a 4 in. O.D. 
thermocouple well. The temperature was measured by means of a thermo- 
couple congected to a Micromax recorder, and was varied by adjusting the 
voltage to the resistance elements with a Variac transformer. A slow gradual 
deposition of carbon occurred in the tube, and after a few weeks of operation 
it was necessary to burn it out with a stream of air. 


Three runs with acetic acid were also made in the methyl acetate cracking 
apparatus. In two runs, 0.33% triethyl phosphate was used as catalyst and 
in the other 0.4% orthophosphoric acid (chemically pure, 85% grade). Opti- 
mum yield conditions were not attained. The results are given in Table VI. 
Pyrolysis of Methyl Acetate 

Methyl acetate of 98-99% purity was obtained by acetylation of chemically 
pure methanol with acetic anhydride. Operation was the same as in the 
pyrolysis of acetic acid but the apparatus was slightly modified. A larger 
diameter reaction tube (1% in. I.D.) was used so that a lower pressure drop 
through the tube would result which would make possible lower absolute 
pressures. The desired reaction pressure was obtained by properly throttling 
a bronze globe valve inserted between the reaction tube and the first con- 
denser. The condenser system was modified to permit dry ice cooling. The 
first condenser was lengthened from 6 in. to 30 in., the first 18 in. being cooled 
with brine at —5°C. and the remaining 12 in. with a dry ice— methanol mixture 
at -30°C. The second condenser consisted of a glass U-tube with a bulb 
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appropriately attached to store the condensate, and was cooled by a dry 
ice —- methanol bath at -35°C. The third condenser was a spiral copper tube 
— an attached condensate storage bulb and was cooled by a bath at —50 
~55°C. 

guru were carried out without catalyst, with one solid catalyst, i.e., 
silica gel supporting boric acid (6), and with the following compounds dis- 
solved in the methyl acetate feed: triethyl phosphate (redistilled Tennessee 
Eastman Corporation material), orthophosphoric acid (chemically pure, 85%), 
sulphuric acid (chemically pure, 96%), fuming sulphuric acid, dimethyl 
sulphate (Eastman Kodak, practical grade), butyl borate (Eastman Kodak), 
hydrochloric acid (chemically pure, 20% acid in water), boron fluoride—ethy1 
ether complex (redistilled, Eastman Kodak, practical grade), and pyridine 
(redistilled Barrett’s Grade 2A). 


Pyrolysis of Methyl Acetate— Methanol Azeotropic Mixture 

The same apparatus and general procedure were used as for pure methyl 
acetate. Only triethyl phosphate and 85% orthophosphoric acid were used 
as Catalysts. 

ANALYTICAL 

Pyrolysis of Acetic Acid 

The condensate from the first and second condensin consisted of a mixture 
of acetic acid and water. The acetic acid was determined by titration with 
standard 14N sodium hydroxide solution using phenolphthalein as indicator. 
The condensate from the third condenser, as well as the scrubber product, con- 
sisted chiefly of acetic anhydride and acetic acid with only traces of high- 
boiling tars. The acetic anhydride was determined by the “‘aniline method” 
(1) and the acetic acid by difference. 


Pyrolysis of Methyl Acetate 

The constituents of the condensate from the first and second condensers 
were determined by standard methods as follows:— 

Methanol: by acetylation with acetic anhydride- pyridine mixture. 

Acetic acid: by titration with standard aqueous 44N sodium hydroxide 
solution. 

Methyl acetate: by saponification with an excess of standard aqueous 14N 
sodium hydroxide solution followed by back-titration with standard 44N 
hydrochloric acid. 

Water: by titration with Karl Fischer reagent. 

The condensate from the third condenser, as well as the scrubber product, 
consisted of acetic anhydride, acetic acid, and methyl acetate. The anhydride 
was determined by the ‘‘aniline method” (1) and the acetic acid by calculation 
from the difference between the ‘‘total acidity”’ titer and twice the “‘aniline”’ 
titer. (A negligible percentage of the methyl acetate was found to hydrolyze 
when the anhydride was hydrolyzed with water alone at room temperature. ) 
The sample, which had already been used to obtain the ‘‘total acidity” titer, 
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was afterwards used to obtain the percentage of methyl! acetate by saponifica- 
tion with an excess of standard alkali. 
Pyrolysis of Ethyl Acetate 

The scrubber product and condensate were analyzed as in the previous 
investigations on acetic acid and methyl acetate. The permanent gases were 
analyzed using a standard Burrell type apparatus and standard reagents. 
Carbon dioxide was determined by absorption in 30% potassium hydroxide 
solution; total unsaturates by absorption in fuming sulphuric acid; oxygen 
by absorption in alkaline pyrogallol; nitrogen by multiplying the percentage 
of oxygen by four; carbon monoxide by absorption in acidic cuprous chloride; 
and hydrogen by oxidation with copper oxide. Acetylene in the unsaturates 
was determined in a separate sample by absorption in alkaline silver nitrate 
followed by estimation of the nitric acid formed (8). 

RESULTS 

Pyrolysis of Acetic Acid 

The results, using 0.33% by weight of triethyl phosphate in the feed and 
an absolute pressure of 140-160 mm. Hg at the inlet end of the pyrolysis 
tube are plotted in Fig. 2. It will be noted that on increasing the feed rate 
from 190 + 10 gm. per hour to 240 + 10, the maximum yield increased 
somewhat, but that on further increasing it to 315 + 10, the yield remained 
approximately constant while the conversion decreased considerably, thus 
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Fic. 2. Pyrolysis of acetic acid: effect of temperature on yield and conversion to ketene 
at various feed rates. 
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indicating that the optimum capacity of the tube had been exceeded. The 
maximum yield and conversion were thus obtained at a feed rate of 240 + 10 gm. 
per hour and a temperature of 724°C., and were 80.6% and 34.5% respec- 
tively. Of the 19.4% loss in yield, 14.4% was due to the formation of per- 
manent gases and 5.0% to the sweeping out of acetic acid and anhydride 
from the scrubbers by the permanent gases. The percentage of the acid 
which decomposed to permanent gases increased with increase in temperature. 


Pyrolysis of Methyl Acetate 

The pyrolysis of methyl acetate without a catalyst produced extremely low 
yields of ketene and methanol. Of the potential catalysts tried, only triethy] 
phosphate and orthophosphoric acid were found entirely satisfactory. 


Triethyl Phosphate Catalyst 

The maximum yields were obtained at 670 + 10°C. and 150-250 mm. Hg 
absolute, and were as follows:— to ketene, including ketene recovered as 
acetic acid, 76.2% at a conversion of 31.3%; to methanol, 81.3% at a con- 
version of 33.4%. A feed rate of 6.2 gm. per minute was used. About 2.5 
to 3.0% of phosphate catalyst, based on the weight of methyl acetate, was 
required to give the maximum conversion. It was also necessary to add 5-6% 


‘water to the methyl acetate feed stock. 


No attempt was made to determine systematically the optimum feed rate 
for this larger tube, as had been done with acetic acid for a somewhat smaller 
tube, since optimum yields were obtained over a fairly wide range of feed rate. 
It was merely assumed that the new optimum feed rate, in moles per minute, 
would be directly proportional to the ratio of the area of the heated (inside) 
surface of the larger tube to the smaller, i.e., 

507 sq. cm./412 sq. cm. X 4/60 = 0.0820 moles per minute 
6.08 gm. methyl acetate per minute. 


The validity of this assumption was substantially confirmed by the experi- 
mental results. However, it was necessary to determine the effect of the 
following variables on the yield and conversion :— 


(i) Effect of Addition of Water to the Feed 

It had already been reported (6) that if up to 8% water is added to the 
feed, some of the ketene which would otherwise go to valueless by-products 
would be recovered as acetic acid. This has been confirmed. The addition 
of 5 to 6% water did not increase the yield or conversion to ketene, as such, 
but did increase the yield and conversion to ketene plus acetic acid for any 
given concentration of catalyst in the feed. Some improvement in the metha- 
nol yield was also noted. The presence of the water tended to depress the 
formation of both permanent gas and paraformaldehyde. The experimental 
results are summarized in Table I. 

(ii) Effect of Per cent Catalyst in Feed on Per cent Conversion 

Under conditions of constant contact time and constant temperature in 
the pyrolysis tube, it was found that the conversions to ketene, ketene plus 
acetic acid, and methanol increased rapidly with increase in the concentra- 
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tion of triethyl phosphate up to 2%, but then leveled off between 2 to 3%. 
Results are shown in Fig. 3. 


(iii) Effect of Pressure on Conversion 

The per cent conversion was found to be almost independent of the pressure 
between 95 mm. Hg absolute and 325 mm. and at optimum temperature, as 
can be seen from Fig. 4. The highest yields and conversions, using 2% triethy] 
phosphate as catalyst, were obtained at about 150 to 250 mm. Hg absolute. 
Above 325 mm., yields decreased rather rapidly and conversions decreased 
somewhat less rapidly, owing to the formation of larger percentages of per- 
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_ _Fic. 3. Pyrolysis of methyl acetate: effect of percentage of triethyl phosphate catalyst 
in feed on yield and conversion. Temperature = 663 + 10°C.; absolute pressure = 230- 
270 mm. Hg; feed rate = 6 gm. per minute; per cent water in feed = 5.3. 


manent gases. The optimum temperature apparently decreased from 
662 + 5°C. at 95 mm. absolute to 626 + 10°C. at 402 mm. 


Orthophosphoric Acid as Catalyst 

Yields and conversions with orthophosphoric acid (85%) were approxi- 
mately the same as those obtained with triethyl phosphate for the same 
percentage, by weight, of catalyst in the feed. Some difficulty was experienced 
in starting up the runs, but once started, operation was smooth. The general 
composition of the condensate, as well as the by-products, e.g., paraformalde- 
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hyde, were also similar. Table II gives a comparison between triethyl phos- 
phate and orthophosphoric acid as catalysts. 
Other Catalysts 

Sulphuric acid (96%) and fuming sulphuric acid also catalyzed the reaction 
to ketene and methanol but the highest yields obtained were only 45-50% 
and the highest conversions 8-10%. Increasing the percentage of catalyst 
above 0.67% did not appear to improve the conversion. Sulphuric acid 
appeared to be easily reduced, as evidenced by the strong odor of hydrogen 
sulphide and organic sulphur compounds in the condensate. 


Dimethyl] sulphate had only a slight catalytic effect. 
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Fic. 4. Pyrolysis of methyl acetate: effect of absolute pressure on yields and conver- 
sions. Per cent triethyl phosphate in feed = 2.0. 


Butyl borate was also a poor catalyst. It was better than dimethyl sul- 
phate but poorer than sulphuric acid. Much larger quantities of paraformal- 
dehyde were formed with the above three catalysts than with the phosphates. 
The largest quantity was formed with dimethyl] sulphate. 

The only solid catalyst tried was silica gel impregnated with boric acid (6). 
Even with a fresh catalyst, very low yields and conversions were obtained. 

Hydrochloric acid (20% solution in water), boron trifluoride— ethyl ether 
complex, and pyridine were found to have no catalytic effect at all. 
Pyrolysis of Methyl Acetate— Methanol Azeotropic Mixture 

Methy] acetate containing 18% methanol was also pyrolyzed, but conversions 
were only 38% to 56% of those obtained with pure methyl acetate for the 
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same percentage of triethyl phosphate or orthophosphoric acid in the feed, 
all other conditions being essentially the same. (For details see Table III.) 
Increasing the percentage of catalyst increased the conversion, but conversions 
as high as the maximum obtained with pure methyl acetate could not be 
obtained with up to 5% catalyst. When the dry azeotrope was cracked, very 
large amounts of paraformaldehyde and permanent gases were formed. 

The very much lower conversions obtained with the azeotrope as compared 
with pure methyl! acetate for any given percentage of catalyst, would appear 
to be due to at least three factors. Firstly, the feed stock already contains 
33.7 mole % of methanol and this exerts an unfavorable influence on the final 
equilibrium. Secondly, methanol appears to react with phosphate catalysts 
reducing them to catalytically ineffective compounds. Hence, the higher 
concentration of methanol present when the azeotrope is cracked is responsible 
for the higher concentration of catalyst required to produce any given con- 
version. (Further details are given in the section on ‘‘Side-Reactions’”’.) And 
thirdly, there is probably a greater loss of ketene by recombination with 
methanol in the condenser system. 

Side Reactions 

The major loss in yield in the pyrolysis of methyl acetate and methyl 
acetate — methanol azeotropic mixture was due to the formation of permanent 
gases, e.g., carbon monoxide, hydrogen, ethylene, etc. The average molecular 
weight of the gas was determined for many runs by dividing the weight of 
methyl acetate not recovered as liquid or solid by the total number of molecular 
volumes of gas formed. Molecular weights varied from run to run, but most 
values fell between 25 and 28 with an over-all average of 26.6. 

Other important side reactions were the reduction of the phosphate catalysts 
to catalytically ineffective compounds and the oxidation of methanol to for- 
maldehyde with its subsequent polymerization to paraformaldehyde. Several 
factors indicate that the methanol was the chief reducing agent of phosphate. 
Firstly, acetic acid pyrolyzes to ketene and water, and ethy] acetate to ketene, 
ethylene, and water and both require only 0.2-0.33% phosphate to give the 
maximum conversion. On the other hand methyl acetate which pyrolyzes to 
ketene and methanol requires 2.5-3.0%. Hence, since ketene and ester are 
not responsible for the higher consumption of catalyst, methanol probably is. 
Secondly, since a much higher concentration of phosphate is required to 
bring about the maximum or near maximum conversion with methyl acetate— 
methanol azeotrope than with pure methy! acetate, it would appear that the 
higher concentration of methanol present in the former is responsible for the 
higher consumption of catalyst. Thirdly, the formation of significantly large 
quantities of paraformaldehyde and water, along with the disappearance of 
phosphate (as described below), add further weight to the hypothesis of 
simultaneous oxidation of methanol and reduction of phosphate. 

Some paraformaldehyde and water (over and above that added to the feed) 
were obtained in the condensate in all runs, including those in which catalysts 
other than phosphates were used. The paraformaldehyde was identified by 
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treating it with dilute sulphuric acid to convert it to formaldehyde and then 
applying the standard qualitative tests, i.e., fuchsin, chromotropic acid, 
resorcinol condensation, and odor. It was noted that the addition of water 
to the feed reduced the amount of paraformaldehyde formed, and increased 
the yield of methanol somewhat. It was also noted that the amount of water 
recovered in the condensate, over and above that added to the feed, increased 
somewhat with increase in conversion. 

Analyses of condensates of two runs for phosphate by precipitation as mag- 
nesium ammonium phosphate and ignition to magnesium pyrophosphate (4) 
showed only 0.20% to 0.24% phosphate, calculated as phosphoric acid even 
though 2.5 to 4% phosphate was used in the feed. This indicates that the 
phosphate phosphorus may have been reduced to highly volatile compounds, 
perhaps to its hydrides or perhaps even to elemental phosphorus. In the 
pyrolysis of acetic acid, when the first condenser was taken down for cleaning, 
small amounts of what may have been elemental phosphorus were observed 
to ignite with a bright flash when given a sharp blow with a metallic object. 
Pyrolysis of Ethyl Acetate 

Ethyl acetate was pyrolyzed to ketene, ethylene, and water in the presence 
of 0.33% by weight of triethyl phosphate. The maximum yield to ketene, 
including ketene recovered as acetic acid, was obtained at 644+ 5°C. and 
154 mm. Hg absolute, and was 85.8%. The maximum conversion to ketene 
was 35.4% and to ketene plus acetic acid 85.7%. A feed rate of 4.2 gm. per 
minute was used and all the ethyl acetate was cracked in a single pass through 
the tube at temperatures above 628°C. The yield of ethylene was determined 
for only Run No. E7 and was found to be 104% of theory, assuming that all 
the ethylene was derived from the ethyl radical. However, it is known that 
ketene also decomposes to ethylene, carbon monoxide, and other gases, and 
if it is assumed that all the acetate radical which is not recovered as ketene 
or acetic acid is converted quantitatively to ethylene, carbon monoxide, and 
water according to the equations, 


O 
VA 
2CH;3 -—-C- OC:H; > 2CH; = C = O a 2H.O a 2C.H,, 
| 
C,H, + 2CO 
TABLE IV 
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Run in gm./ in pyrolysis, mm. ketene and | ketene and 
No. feed min. feed 3 Hg acetic acid | alone HOAc 
E4 0.33 3.7 <0.1 | 600 —628 | 155 76.5 6.7 64.5 
E5 0.33 4.2 < 0.1 644+ 5 154 85.8 21.8 85.7 
E6 0.33 4.2 <0.1 | 666+ 5 188 76.0 32.4 76.0 
E7 0.33 | 3.6 < 01 35.4 72.2 
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then the yield to ethylene from the ethyl radical becomes 90%. Of the 10% 
loss, about 5.83% was recovered as acetylene. A summary of the results is 
given in Tables IV and V. 
TABLE V 
PERMANENT GASES FORMED IN THE PYROLYSIS OF ETHYL ACETATE 








Spot gas analysis* 








Run | — 
No. | % Cron 

| % CO2 + Cis %C:H: | %CO % He % Oz % Ne 
ani: 84.4 2.9 | 
E5| 40 70.8 5.4 
E6 2.5 68.4 3.4 | 
Bt; it 77.2 3.9 8.3 0.7 20 | 80 

















*The gas analysis given for Run No. E? is the average for the whole run. All others are only 
typical analyses and are not necessarily the average. 


DISCUSSION 

The highest yield of ketene obtained from acetic acid in this investigation 

was comparable to that obtained industrially, but the highest conversion 
-was a little less than half as great. The low conversion would appear to be 
due to recombination of ketene and water to acetic acid and acetic anhydride. 
In several experiments, the presence of a substantial quantity of acetic an- 
hydride.in the aqueous condensate from the first and second condensers was 
established by cooling the condensate to —10°C. to retard the hydrolysis of 
the anhydride until it could be determined quantitatively by the “aniline” 
method (1). Results are shown in Table VI. Since the anhydride in the 
aqueous condensate could not be easily isolated by distillation it was con- 
sidered, for yield purposes, as recovered acetic acid, and in most runs was 
allowed to hydrolyze to acetic acid. Further evidence of recombination of 
ketene and water was obtained in another investigation on a much larger 
scale, details of which are not given here. Yields of 90-92% and conversions 
of 70-72% were obtained by using linear velocities 10 to 12 times those used 
in this investigation, and by adding a catalyst neutralizer (gaseous ammonia) 
at the inlet or outlet of the pyrolysis tube. The higher linear velocity per- 
mitted a much more rapid separation of ketene and water in the condenser 
system, and the ammonia probably neutralized the phosphate catalyst which 
otherwise would have catalyzed the hydrolysis of ketene. In the present 
small-scale investigation no attempt was made to add any neutralizer owing 
to the difficulty of metering in such a small flow. 

The highest conversion obtained in the pyrolysis of methyl acetate was 
also much lower than that obtained in the industrial pyrolysis of acetic acid 
but was of the same order as that obtained in our laboratory pyrolysis of 
acetic acid. It would appear probable that the conversion could be greatly 
increased by employing the same expedients as with acetic acid. 

In the pyrolysis of methyl acetate —- methanol azeotropic mixture, conversions 
were lower and catalyst consumption was much higher than for pure methy] 
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acetate. It would thus appear advisable to obtain first substantially pure 
methyl acetate from the azeotropic mixture. 

In the pyrolysis of ethyl acetate, much higher conversions to ketene than 
those obtained in this investigation are also undoubtedly possible. In fact, 
conversions of 85% and quantitative yields have already been claimed in the 
patent literature (7). The optimum temperature of pyrolysis was found to 
be about 60° to 80°C. lower than for pure acetic acid, which would indicate 
that the primary products of the pyrolysis are not acetic acid and ethyl- 
ene, followed by dehydration of the acetic acid. Instead it would seem 
probable that the pyrolysis is exactly analogous to that of methyl acetate but 
that, in this case, the alcohol (ethanol) is unstable under the conditions of 
pyrolysis and dehydrates to ethylene and water, according to the equations, 

O 
Vi 
CH; — C — OC;H; — CH: = C = O + C:H,OH 
— CH, = C =0+ C.H, + H,0. 
Some of the ketene then recombines with water giving a mixture of ketene 
and acetic acid. No ethanol was isolated, which is not surprising, since it is 
-well known that ethanol dehydrates in the presence of catalysts such as alkali 
and alkaline-earth metal phosphates containing free phosphoric acid at 
temperatures of 480°C. (3). 
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THE FLOW OF FLUIDS THROUGH ACTIVATED CARBON RODS. I: 
By E. A. FLoop, R. H. TomMLiInson, AND A. E. LEGER 


ABSTRACT 

The flow rates of the vapors of benzene, ethyl chloride, diethyl ether, methanol, 
and water through activated carbon rods have been found to exceed, considerably, 
flow rates calculated by classical equations. The excess flow rates show maxima 
in widely different relative pressure regions and are ascribed to flow of adsorbed 
material. An empirical equation is presented which correlates the observed flow 
rates with relevant adsorption isotherms. Classical equations of flow through 
elliptical and rectangular pipes are discussed with reference to flow through fine- 
grained porous materials. It is shown that equations of the Adzumi type are 
roughly valid as applied to fine-grained porous bodies, but that without a know- 
ledge of the frequency distributions of pore sizes and shapes, flow data cannot 
be related to pore dimensions in any literal sense. End effects are discussed. 


INTRODUCTION 

While the rates of flow of gases through capillaries and porous bodies may 
be described approximately by various classical equations, we have shown in 
previous papers (17, 27) that when appreciable adsorption occurs, these flow 
equations may be considerably in error. Since flow rate data are extensively 
used to gain information concerning the fine structure of porous material, it is 
important to determine the magnitude of the errors which adsorption pheno- 
mena may introduce into such experiments. Further, if the flow of adsorbate 
contributes appreciably to the over-all flow rate and this contribution can be 
distinguished from gaseous flow and described mathematically, a new and 
valuable tool for the study of the very fine structure of active adsorbents might 
be developed. Finally, there is a broad, largely unexplored field where trans- 
port of fluids occurs under the influence of compressive surface forces, and 
where information is needed concerning such processes. 


Accordingly, we have carried out some additional measurements of flow 
rates of adsorbable vapors through activated carbon rods and have attempted 
to correlate the observed flow rates with the structure of the carbon rods and 
their adsorptive properties. 

The results of this investigation are presented in three parts. In Part I 
we present this general introduction and most of the experimental results 
together with a theoretical discussion of gaseous flow through porous bodies. 
In Part II it is shown that the flow rates of nonadsorbable gases are consistent 
with well-established facts concerning the macropore structure of zinc dichlo- 
ride activated carbon rods. In Part III it is shown that the flow rates of 
adsorbable gases may be correlated with relevant adsorption—desorption 
isotherms. Equations are deduced which correlate micropore structure, 
adsorptive properties, and flow rates. It is further shown that surface forces 
which compress gases to high densities within micropores may increase flow 
rates by very large factors. The increased flow rates are due in the main to 

1 Manuscript received August 16, 1951. 
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an increase in the effective pressure gradient and to the direct effect of the 
increase in fluid density. Evidence is presented which suggests that where 
considerable adsorption occurs the rate controlling mechanism of flow of the 
adsorbates studied is a laminar viscous flow of liquid films. 


EXPERIMENTAL : 
Materials 

The activated carbon rods used in these experiments were supplied through 
the courtesy of the National Carbon Company. They consist of very 
uniform, zinc-chloride-activated, extruded and calcined, rods. The rods as 
supplied were all close to 0.38 cm. in diameter, 3 or 4 in. long and fairly 
straight. From these rods, plugs 1 cm. long were cut and the ends carefully 
ground. By a little care in selection to avoid pieces with obvious cracks, 
etc., plugs of remarkable uniformity regarding permeability and adsorption 
characteristics can be obtained. A number of plugs were cut; those of lengths 
1.00 + 0.02 cm. were numbered and kept for further investigation. Plugs 
Nos. 11 and 18 were used for most of the experiments reported in this paper. 
Plugs Nos. 9, 10, 11, 12, 13, and 14 were reported on previously (27). All of 
these plugs except No. 13 were very similar as regards permeability. The 
charcoal has the following general characteristics: 

Helium density, 2.22 + 0.05 gm. per cc. 

Mercury density, 0.707 + 0.001 gm. per cc. 

Void fraction, 0.68 (from mercury and helium densities). 

Void fraction at saturation, assuming adsorbate has density of the liquid at 
the same temperature, 

(a) diethyl ether, 0.24; (6) water, 0.30. 

Adsorption B.E.T. surface areas, 

(a) nitrogen, 1100 sq.m. per gm.; (0) diethyl ether, 1200 sq. m. per gm.; 
(c) ethyl chloride, 900 sq. m. per gm. 

The benzene, diethyl ether, ethyl chloride, and methane were all of reagent 
quality, were carefully dried, redistilled in vacuum, and checked as to vapor 
pressure. The nitrogen was a commercial grade of nitrogen, dried by passage 
through a liquid nitrogen trap. 


Methods, Procedures, Apparatus 

The transpiration experiments which we have carried out are all of the 
same type as those described in our earlier papers (17, 27). These experiments 
consist essentially in forcing a gas through an activated carbon rod by means 
of a pressure gradient. The system is maintained at a constant temperature 
and the pressure difference across the charcoal rod, as well as the mean pres- 
sure, maintained at constant values, while observations of either the volume 
or weight of gas passing through the charcoal per minute are made. When the 
flow rate has been constant over a period of some hours it is recorded. In 
order to ensure a reasonably steady state of flow, it is neccessary that the 
total weight of gas entering or leaving the charcoal, during the period while 
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the flow rate appears to be constant, be large in comparison with the weight 
of gas adsorbed. 

The apparatus and procedures we have used to obtain the flow data reported 
in this paper are similar to those described by Tomlinson and Flood (27) with 
minor modifications and improvements such as enclosing the whole of the 
input system, as well as a considerable part of the output system, within a 
thermostatic fluid envelope. In case of some of the experiments in the lower 
pressure regions it was necessary to carry out the flow rate measurements 
during a period of a week or more and to use gravimetric methods to determine 
the quantity of vapor actually passing through the sample per minute. By 
maintaining a liquid at a suitable constant low temperature a source of con- 
stant low pressure gas was provided and by observing the loss in weight of the 
liquid the quantity of gas passing through the charcoal obtained. The flow 
in volume units is then calculated using the ideal gas laws. At the lowest 
pressures used, mercury vapor distills into the cold liquid during the 6 to 10 
day period of the experiments and it is necessary to correct for this back 
distillation. The liquid remaining was distilled into a second weighted tube 
to separate it from the mercury collected during the run. 

The procedure followed for the water vapor flow was essentially similar to 
that used for the other adsorbable vapors, but was varied slightly to take into 
account the hysteresis of the isotherm. Thus, in adsorption flow the plug was 
brought to equilibrium at the effluent pressure and the influent pressure then 
raised to obtain the required pressure gradient, care being taken that this 
pressure was not exceeded at any time. In the case of desorption flow, the 
plug was equilibrated at the influent pressure and the effluent pressure reduced 
to obtain the pressure gradient. The equilibrium at the influent pressure in 
desorption state flow measurements was approached from higher pressures 
and conversely in adsorption flow experiments. 

It may be remarked that it was found that after repeated exposures to 
various adsorbable gases, especially benzene, the permeability of the charcoal 
rods to nitrogen showed a downward trend, falling some 5-10%, depending 
on the treatment. After evacuation during three or four hours at a tempera- 
ture between 350-400°C. the original nitrogen-permeability can be restored 
to within the probable experimental error. 

The adsorption-desorption isotherms were determined by the standard 
McBain technique, the system including the manometer being immersed in 
the water of the thermostatic bath. However, the lowest pressure readings 
were made on a McLeod gauge which was outside of the thermostatic bath. 
Results 

It was hoped to obtain adsorption isotherms for each gas on the charcoal 
plug actually used for the flow measurements. However, this has not been 
done owing to the accidental destruction of plug No. 18 after some of the most 
careful and time-consuming flow measurements had been made and before 
adsorption measurements could be obtained. Consequently, most of the 
isotherm data were obtained on a small plug cut from the same rod as plug 
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No. 18 while the flow data applies to different plugs, as shown by the tables. 
As a check, the adsorption—-desorption isotherms were determined with plug 
No. 11 for methanol and the isotherm was essentially the same as obtained 
on the specially cut plug. 

The adsorption results given here were calculated from the weight of the 
charcoal after it had been heated to 350-400°C. for some hours and evacuated 
under high vacuum. In some cases, especially benzene and water, the original 
weight of the charcoal could not be obtained by pumping at the end of iso- 
therm measurements. This accounts for the slight rise shown on the water 
isotherm at low pressures. 


The isotherms for benzene, methanol, ethyl chloride, and diethyl ether are 
given in Fig. 1, while that of water, in Fig. 2. The ethyl chloride isotherm 
is the same as that reported previously (27) with added experimental measure- 
ments below 360 mm. pressure. 

Flow rate data are presented graphically in Figs. 3 to 8 inclusive. The 
ordinates shown in the graphs represent flow rates expressed in K’ units, 
i.e., in cubic centimeters per minute measured at the input pressure and 
multiplied by the ratio of the input pressure to the pressure difference across 
the plug. The flow rates are plotted against j, the mean of the input and 
output pressures expressed in mm. Hg. 
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Fic. 8. Flow rate of water through plug No. 11. 
O = Observed points, adsorption state. 
@ = Observed points, desorption state. 
(a) Adzumi line, K’ = 2.23 K 10-* p + 0.540. 
(6) K = K’ + 3.26X. 


The straight lines (a) shown in the figures are calculated from nitrogen 
flow rates by means of the Adzumi equation, 


- A- B 

1 + Sit 
where 7 is the viscosity and M the molecular weight of the gas and A and B. 
are constant characteristics of the porous plug but independent of the gas. 
Usually in theoretical discussions where c.g.s. units are used, K -is expressed 
in cubic centimeters per second and pressures in dynes cm.~? 

An example of the calculations involved and the degree of precision obtained 
is presented in Table I for a methanol flow measurement. This point is 
shown on Fig. 7 for a mean pressure, p, of 45.4 mm. and is average in precision. 
The nitrogen flow rates at 35°C. are linear functions of p, above a p of 50 mm. 
and are described by the following equations, 


Plug No. 11, K = 1.26 X 10°*. p + 0.433 
Plug No. 18, K = 1.19 X 107°. 6 + 0.415. 


It may be pointed out that the constants for Plug No. 11 as determined 
some years previously and as reported by Tomlinson and Flood (27) differ 
somewhat from those given above, the previously reported slope and intercept 
being 1.23 X 107% and 0.460, respectively. 
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TABLE I 
AN EXAMPLE OF FLOW MEASUREMENT: METHANOL AT 35°C. THROUGH PLUG No. 11 


INFLUENT PRESSURE, pi = 7.055 cm. 
EFFLUENT PRESSURE, p2 = 2.025 cm. 
PRESSURE GRADIENT, A p = 5.030 cm. 
MEAN PRESSURE, p = 4.540 


Measurements were begun four hours after pressure conditions were set 











) 
| Time 
Burette Volume of 
reading, flowing, Time, | flow, Flow, 
ec. ce. hr. : min. : sec. sec. cc. sec.—! 
97.0 2:18:50 
92.4 4.6 2:26:10 440 0.01045 
85.0 7.4 2:38:15 725 0.01021 
79.0 6.0 2:48:05 590 0.01017 
75.8 3.2 2:53:25 320 0.01000 
71.6 4.2 3:00:35 430 0.00977 
48.8 22.8 3:38:40 2285 0.00998 
31.0 17.8 4:07:05 1705 0.01044 
14.6 16.4 4:33:45 1600 0.01025 
99.0 4:59:30 
85.8 13.2 5:20:55 1285 0.01027 
79.6 6.2 5:31:10 615 0.01008 
63.6 16.0 5:57:10 1560 0.01026 
46.4 17.2 6 : 26:00 1730 0.00994 

















Note: Total volume = 138.0. 
Total time of flow = 13285. 
Mean flow rate = 0.01016. 
Calculations: 


- Voi 
zr oe 
Ap . time 
- _ 185.0 X 7.055 


= 0 (0.01506 cr. secs 
5.030 X 13285 


= 0.855 cc. min, 


, 


‘‘Burette readings’ 


pressure pi. 


and ‘‘volume flowing’’ represent cubic centimeters measured at the influent 


The solid curves, (0), shown in the figures represent calculated flow rates 
based on an empirical equation in which the terms a X and 8 (Xy" — X3")/Ap 
are added to the Adzumi flow equation (cf. Part III of this paper). Thus the 
curves are drawn from, 


Oe ee ee 
het yt tee. 


where a, 8, and ” are adjustable constants; X is the mean value of the ordinate 
of the relevant isotherm averaged over the pressure interval Ap; X,; and X¢2 
are the values of the ordinates corresponding to the pressures p; and pz», 
respectively, i.e., to the influent and effluent pressures; Ap is p1 — p2 in mm. 
of Hg. The other symbols are as above. The various values of the constants 
are given in the legends describing the figures. In the case of water the value 
of B is so small that the term in (X;" — X.")/Ap is omitted altogether. The 
values of the viscosities and molecular weights used are given in Table II. 
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TABLE II 
PHYSICAL CONSTANTS OF VARIOUS LIQUIDS AND VAPORS AT 35°C. 
Molecular Gas viscosity, Liquid viscosity, 
Substance weight — poises X 10° poises X 10™ 

Benzene 78.11 78.2 53.0 
Ethyl ether 74.12 77.4 20.7 
Ethyl chloride 64.52 105.0 24.0 
Methanol 32.04 98.9 48.2 
Water 18.02 102.4 72.25 
Nitrogen 28.02 181.5 














Most points given are considered to be reliable to within about 5%. How- 
ever, the lowest ether and benzene flow measurements are probably not much 
better than + 20%. The ether maximum is believed to be real and fairly 
close to the indicated p value; the maximum ether experimental value was 
obtained from two independent measurements which gave practically identical 
flow rates. Values obtained for very low pressure ethyl chloride flow by a 
pressure decay method are not reported as these were found to be very in- 
accurate owing to adsorption—desorption complications. However, the 


results indicate that a maximum exists somewhat below the rise shown on 


Fig. 4. No maximum was found in the case of benzene but it is thought that 
at a low enough pressure it would appear. No evidence of a maximum in 
nitrogen flow was found although the flow rate measurements were extended 
to mean pressures as low as 0.037 mm. of Hg. 


DISCUSSION 
In order to form any sort of notion as to what interpretation is to be given 
to the experimental results reported in this paper, it seems necessary to be 
able to describe with some accuracy the flow of gases through our charcoal 
rods when not complicated by adsorption. In what follows, we prepare a 
foundation for correlating flow rates of nonadsorbable gases with pore dia- 
meters in statistical assemblies of pores of various shapes and sizes. 


The Adzumi Equation 

Many empirical equations have been put forward to describe the flow of 
fluids through porous materials. Notable among them are the equations of 
Darcy (14), Kozeny (21), Adzumi (1-4), Carman (10), and Arnell (6-7). 
Practically all of these equations have certain features in common which are 
perhaps most conveniently discussed by references to Adzumi’s equations. 

The Adzumi (4) equation relates the rate of flow of gases to the pore radii 
of capillaries in a porous body. The equation is based on Knudsen’s “‘long- 
tube’’ formula, namely, 


| 2 a tg gh 8 g/ BEE 
(1) aay Gar * 7 uM’ 








K = flow rate in cubic centimeters per second measured at an arbitrary 
pressure and multiplied by this pressure, and divided by the 
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difference between the input and outflow pressures, pi — po. 
(if 2 is zero, K is numerically equal to the flow rate in cubic 
centimeters per second measured at a constant input pressure.) 
Qpv = flow rate in pv units. 
Ap = pi — p2 in dynes cm. 
r = radius of capillary in cm. 
1 = length of capillary in cm. 


n = viscosity of fluid in poise. 

Dp = 4(fi1 + pe) in dynes cm. 

R = gas constant in ergs per mole per degree of temperature. 

T = the absolute temperature. 
M = the molecular weight. 

= an empirical function of pressure often assumed to be a constant. 


In case of capillaries of constant length connecting two large reservoirs 
containing gas at pressures pi and p2 respectively, in the absence of inertial 
and other end effects, the total simultaneous flow will be, of course, the sum 
of the flows through each capillary. Thus we can follow Adzumi (4) and 
write for the total flow rate, 


, rt 4 | /2eRT 
provided that y is the same for each capillary and is independent of pressure. 


Adzumi considers also the case of capillaries in series and arrives at the 
conclusion that in the case of m capillaries in series, 


K=A-7;5 i aD + Ba 


“1 
fi as 


ri 


neglecting other nonlinear pressure dependent terms which he considers to 
be small. He gives some data in support of the contention that the other 
pressure dependent terms are small and may be neglected. However, it is 
easily shown that the contribution of nonlinear pressure dependent terms is 
not by any means always small. Actually K will only be a linear function of p 
when either the capillaries in series have nearly the same radii, i.e., behave as 
part of a single capillary or when r‘/] and r°/] for one capillary are much 
smaller than the values of these quantities for any of the other capillaries in 
the series, i.e., when the one capillary controls the flow rate. 

Adzumi goes on to treat a collection of m capillaries in series and n in parallel, 
and writes, 


(3) K = Apa + BD- : 


* 


7 
ri; 
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(3a) K = ApE + yBF, 


where A and B represent the constants other than those in r and / appearing 
in the Knudsen long tube formula. If the capillaries all have radius R and 
length L, the equation becomes simply, 


4 3 
(4) K «ate + oy. 
} 2 i. 
and 
R = E/F. 


Adzumi tests Equation 3a by measuring the flow rates of gases through 
porous plates where 7 is not a constant and finds that the equations are in 
fact linear, in that K can be expressed by an equation of the form of Equation 
3a. It is reasonably well established that in the case of flow through many 
porous or granular beds, K actually is a linear function of p over a wide range 
of pressure; in fact, over a wider range of pressure than it is for a single 
capillary, the rise at low pressures characteristic of the long single capillary 
being conspicuously absent. Experimentally, it is found that the slope of K 
as a function of p varies inversely as the viscosity, as it should, and that the 
intercept varies inversely as the square root of the molecular weight. 

Equations of the type of Equation 4 form the basis of the various methods 
of determining surface areas of granular beds from gas permeability measure- 
ments. Arnell has shown that with minor empirical adjustments such equa- 
tions give excellent correlations between granule surface areas, mean pore 
sizes, etc., and flow data. 

There is, however, need for caution in the application of permeability 
methods to the determination of “pore sizes’. Unless there is evidence 
independent of flow data that “pore sizes’ are constant, even if the pores 
are all cylinders of the same length and are all of circular cross section, the 
quotient r*/r3 is by no means in general equal to 7. The correct relation is, 
r'/r’ > # and r‘/r3 may be greater than 7 by a factor of any magnitude, i.e., a 
thousandfold or more. Adzumi’s application of Equation 4 to calculate R for 
porous plates assumes that R is practically constant. 


It must be emphasized that in a complex assembly of even straight round 
capillaries, entirely different capillaries may control the values of #, 7’, 7°, 
and r4. Thus without a knowledge of pore-size frequency distribution, no 
correlation can be made as between the surface area, the void volume, the 
intercept, and the slope. In such cases the “surface area’’, mean ‘‘pore size”’, 
etc., as measured by permeability methods will be entirely fictitious. 

In the case of granular beds the pores are interstitial spaces and the void 
space does not resemble a system of parallel cylindrical capillaries but rather 
a system of “bottle necks”. The permeability is controlled by the ‘‘bottle 
necks’’, the sum of whose lengths will in general be considerably less than the 
length of the bed. The cross sections of the ‘‘bottle necks’’ will, in general, 
have a number of irregular shapes and the “average shape’’ might be repre- 
sented by almost any ideal geometrical figure other than the circle. Of 
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course, the areas of these cross sections will not usually be constant. Finally, 
when it is realized that y itself in the original Knudsen equation is a pressure 
dependent factor, it is surprising that such equations can be used at all to 
correlate pore structure and permeability. 

It may be emphasized again that for capillaries in series, K cannot be an 
exactly linear function of p unless the capillaries in series which control the 
flow rate are all the same. Since undoubtedly this cannot be the case in 
granular beds of material of widely varying granule size, the fact that K 
usually is a linear function of p implies that the pressure is uniform across the 
granular bed at right angles to the direction of flow. Consequently, the flow 
is the same as though the different capillaries were in parallel, or in other words, 
each section perpendicular to the direction of flow is identical apd the granular 
bed behaves as though it consisted of a parallel system of capillaries, each 
capillary consisting of a series of shorter identical capillaries. Such a situation 
might be expected in a system of a great many capillaries which were all cross 
connected so as to form a space lattice, where the rate of flow—and hence 
the pressure drop—due to any one capillary is negligible compared to that of 
the whole system.* 

The second term of the right-hand member of Equation 1, i.e., the intercept 
when K is plotted against #, is usually referred to as the “‘slip’”’ term. While the 
association of “‘slip’’ with the viscous flow of fluids was perhaps first intro- 
duced by Helmholtz (16) and its possible existence demonstrated by Kundt 
and Warburg (22), it is chiefly to Maxwell (23) that we owe our knowledge 
of this term. Maxwell's evaluation of the “slip’’ was based upon an elaborate 
analysis of stresses arising in gases obeying the classical Boltzman equations. 
In the case of gases which are Maxwellian with respect to velocity components 
perpendicular to the direction of flow and where velocity components may be 
treated as independent, the “slip’’ term, as shown by Millikan (24) and 
Kennard (18) must be very nearly as given by Maxwell in all cases where 
laminar viscous flow prevails in the body of the fluid remote from the walls 
and where velocity gradients are all small. 

Maxwell pointed out that where the pressures are so low that nothing like 
laminar flow can exist in the body of the gas, the transport of matter must, 
in the limit, become a phenomenon of molecular effusion, an entirely different 
phenomenon from viscous flow with slip. When a gas is so dilute that even 
over long distances (e.g., down the length of a long tube) collisions may be 
neglected, the flow problem can be solved without much difficulty granting a 
simple law of reflection of molecules striking the walls of the tube. Assuming 
diffuse reflections from the walls (i.e., that molecules leave the walls with 
equal probabilities in all directions, independently of incident angles) and 
that the gas is Maxwellian we get what is known as ‘‘Knudsen flow’. The 
case of Knudsen flow or molecular effusion has been studied very thoroughly 


*If two quite different pore systems are cross connected at such intervals that A p per interval is 
relatively large, then the equation of continuity cannot be applied to each system independently. 
This situation has been commented on by Babbitt (8). 
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by Clausing (12) following Smoluchowski (26) and Knudsen (19, 20). The 
region between Maxwellian flow or laminar flow with slip and Knudsen flow 
has been practically ignored until quite recently when it has been studied by 
Pollard and Present (25). 


Maxwell’s original equation when integrated and expressed in K units is, 


Ka gg 2h we’, /2eRT 

“aar" | -@ M’ 
where f is the fraction of the surface from which molecules are diffusely 
reflected and (1 — f) is the fraction of the surface from which molecules are 
specularly reflected; the other symbols are as above. If f may have almost 
any value and especially if f is any function of p the equation is practically 
meaningless. The implicit assumption is that f is independent of p and 
nearly unity. 

That f is independent of pf and nearly one in most cases where the contribu- 
tion of the Poiseuille term is appreciable has been shown by Knudsen and 
many others. The fact that (2 — f)/f is a measure of a real physical quantity 
dependent on the surface has been shown by Millikan and co-workers who 
show that the nature of the surface whether covered with oil, shellac, etc., 
does in fact produce a measurable difference in the rate of transfer of momen- 
tum tothe surface. This point is important since it demonstrates the existence 
of “‘slip’’. If the intercept were fundamentally due to some sort of gaseous 
diffusion superimposed on the laminar flow or to any property of the gas 
alone, the nature of surface could not change the rate of transfer of tangential 
momentum to the wall if the thin fluid layer adjacent to the wall were not 
moving, apparent variations in apparatus dimensions, due to possible varia- 
tions in layer thickness, being quite negligible in Millikan’s experiments. 

The Knudsen long tube formula was obtained by considering that in the 
low pressure limit the phenomenon must become one of molecular effusion, 


which with f = 1 requires, 
ee yf at 
7? 3 1 M - 


Adding this term to the Poiseuille or viscous, high pressure limit term, 
Knudsen obtained Equation 1 without the factor y. This procedure, although 
physically plausible, is of course not strictly permissible since the two mechan- 
isms of flow are mutually exclusive. Knudsen introduced the empirical 
term, y, where 





_1+Cp 
x 1+ C2’ 


in order to make the expression give the Maxwellian ‘“‘slip’’ intercept in the 
higher pressure regions. At higher pressures, y approaches ¢/c2 and 
Knudsen put ¢:/c. = 0.81. The Knudsen intercept is greater than the 
Maxwellian intercept by 16/37 when f = 1. Hence the value of 0.81 for y 
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corresponds to a value of f of about 0.85 in Maxwell’s expression. Thus at 
higher pressures the Knudsen expression becomes practically identical with 
the Maxwell equation with f = 0.9, which is in accordance with a good deal 
of experimental evidence. Smoluchowski derived the Knudsen long tube 
formula for the case where f may differ from unity and obtained the Knudsen 
expression with the added factor (2 — f)/f. If f can be appreciably less than 
unity at low pressures, the limiting intercept may be considerably greater , 
than the Knudsen intercept. While Pollard and Present have presented an 
analysis of gaseous self-diffusion, including the intermediate pressure region, 
they do not discuss the question as to the value of f but assume the “cosine 
law”’ of reflection or in other words f is taken as unity. While the evidence 
is by no means conclusive it seems to be the general opinion that f should be 
taken as unity in molecular effusion problems.* 

In pressure regions intermediate between Knudsen or effusive flow and 
Maxwellian or laminar viscous flow with slip, the situation concerning f, as 
well as the exact nature of the flow, is obscure. Pollard and Present point 
out that the development of the drift velocity necessary for laminar flow 
results from coliisions terminating long free paths and necessarily reduces 
the net transport from these long free paths parallel to the walls of a long tube 
and hence leads to a minimum in the usual plots of K against p. These 
authors consider that the difference between the numerical values of Max- 
well’s “‘slip’’ term and Knudsen’s effusion term are largely “fortuitous” 
which certainly appears to be the case from a strictly theoretical viewpoint. 
However, the bulk of the evidence indicates that the Maxwellian slip term is 
essentially correct in the laminar flow region. The evidence is also fairly 
clear that the effusion intercepts are larger, in cases of long tubes, and close 
to Knudsen’s intercept. It may seem that it makes very little practical 
difference which intercept is considered to be correct since these two intercepts 
are not very different numerically and especially since a more or less indeter- 
minate empirical term of the type (2 — f)/f is probably involved in both cases. 
However, it is necessary to make this distinction because it is only in the case 
of capillaries having certain length-diameter ratios that the numerical values 
are nearly the same. In the case of a tube whose length is much less than 
its diameter, the effusion intercept, as shown by Clausing, is much less 
than that of the Maxwellian intercept. Further, the distinction is not only a 
matter of the numerical values of the constants, but makes a considerable 
difference in the effects to be expected from a series of short capillaries joining 
large volumes, i.e., a series of ‘‘bottle necks’’ such as might be encountered 
in granular or porous beds. While the “slip’’ term associated with a series 
of identical capillaries separated by relatively large volumes is the same as 
the slip term for a single capillary, equal in length to the sum of the lengths 


*It will be noted that f is not by any means identical with the accommodation coefficient of 
Smoluchowski and Knudsen, nor is it identical with a somewhat similar coefficient used by Alty (4). 
It would be quite possible for the f used above to be equal to unity where the accommodation coefficient 
was much less than unity. However, if the accommodation coefficient were unity, it would seem 
to imply that f must also be unity. 
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of the short capillaries, this is not the case when the phenomenon is one of 
molecular effusion. Clausing has worked out in detail the values of the 
intercept for cylindrical tubes of arbitrary cross section and length, where 
the transport process is one of molecular effusion. We may express the 
Knudsen, Maxwellian, and Clausing intercepts respectively as follows: 


- _ 78 
Ki=z 34, 

i. Ses ee 
K:=7 f 24: 
K; = WA, 


2 wRT 
Where A = r 2M’ 
function of r and L. In the following table a few values of these intercepts 
are given for circular tubes of constant radius and varying lengths, A being 
taken as unity (i.e., A = 1 cubic centimeter per second) 


andr = radius, L = length, f = 0.9, and W is a complex 


L/r= 0.1 0.5 ae 2 4 10 100 

Ki = 26.7 5.33 2.67 1.33 0.67 0.27 0.027 
Ke = 19.2 3.84 1.92 0.96 0.48 0.19 0.019 
K; = 0.91 0.80 0.67 0.51 0.36 0.19 0.027 


A single long capillary where L/r = 100 would thus give an intercept of 
0.027 in the case of Knudsen or effusive flow and an intercept of about 0.019 
for Maxwellian or laminar flow. While if this capillary were divided into 
100 equal parts and relatively large volumes were placed between the short 
capillaries, the intercept for the series would still be 0.019 for laminar flow 
but only 0.007 for effusive flow (i.e., 1/100 the Clausing intercept for L/r = 1). 
In a granular bed we might expect the ‘‘bottle necks’’ to have lengths com- 
parable with their diameters and should expect the deviation from linearity 
at low pressures to appear not as a rise, but rather as a fall. The analysis 
of Pollard and Present suggests that the limiting low pressure intercept would 
be obtained only in regions where the radius was much less than the mean free 
path. Consequently the region of transition from Maxwellian to Knudsen 
flow will cover a considerable pressure range. In the transition region the 
relative contributions of ‘“‘slip’’ and effusive flows will vary for gases having 
different collision cross sections. If pore lengths are either much less or much 
greater than their diameters, the flow rates in K units will not be inversely 
proportional to~/M. Where pore diameters are considerably greater than 
their lengths we should find that the flow rates expressed in K X+/M units 
increase in the order of the collision cross section, e.g., increasing in the order 
He, Hs, Nez, and COs. Where pore diameters are much less than their 
lengths the flow rates in K X+~/M units will decrease in the order given, 
while where diameters and lengths are nearly the same, the flow rates in these 
units will be the same. If the flow rates of several gases through a porous 
bed, as expressed in K units, are accurately linear functions of p from regions 
where viscous flow is considerable to regions where effusive flow must prevail, 
it implies that pores which control the flow rate are cylindrical pores which 
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have lengths comparable with their diameters, and also that either the pores 
are all of the same diameter or that pressures are uniform across sections 
everywhere perpendicular to the direction of flow. Where the K, p plot is 
almost parallel to the p axis, few inferences can be drawn with any certainty. 
Pollard and Present point out that the failure to observe minima in the flow 
through porous bodies is due to the absence of long free paths in such 
bodies. If we apply the Clausing intercept to a series of short capillaries 
connecting large volumes we are in effect removing the contribution from the 
long free paths. Pollard and Present state that, in the case of porous media, 
observations show that flow rates are accurately linear down to pressures 
where the mean free path is of the order of several hundred times the mean 
pore radius. While a good deal of published data, as well as our own, suggest 
a fall at low pressures, the fall is too small to allow any very definite conclusions 
to be drawn, especially in view of the fact that the gases used are treated as 
ideal and end effects are ignored. 

Evidently we know the general behavior of the ‘slip’ and ‘‘effusion”’ 
intercept terms fairly well as applied to cylinders of circular cross section. 
In some respects we know more about the intercepts than we know about the 
Poiseuille term, since we know the values of the limiting intercepts for tubes 
of almost any cross section, while the problem of Poiseuille flow with slip 
has been worked out for only a comparatively few special cases. As far as 
we are aware, only the circular tube has been treated formally in the case of 
laminar flow with slip. If we wish to apply these flow equations to granular 
or porous beds where the ‘‘pores”’ are essentially interstitial spaces, we must 
be able to form at least some idea of what is to be expected when we have a 
laminar flow with slip through pipes of various forms. Accordingly we will 
discuss this question briefly. 

Laminar Viscous Flow with Slip 

The general differential equations of motion when applied to fluids with 
suitable assumptions lead to what are known as the Navier-Stokes equations. 
For a steady state of laminar viscous flow through a cylindrical pipe these 
equations may be reduced to, 

2 27 
(5) fee SS) 
z Ox oy 
where 6p/éz is the pressure gradient along the axis of the pipe, 7 the viscosity, 
and V (x, y) the velocity of the fluid, the coordinates being taken with the 
axis of the cylinder as z axis. 


V (x, y) is obtained from Equation 5 and the boundary condition, V = 0, 
at the wall. The rate of discharge, Qy, is then obtained by integrating 
V(x, y) over the area of the cross section, A. Thus, 


(6) Qy = | [ve y)dxdy. 
4 


Equation 5 may be derived very simply as follows. 








FLOOD ET AL.: FLOW OF FLUIDS. 1. 365 


Let the following figure represent a section of the flowing liquid bounded by 
a velocity contour surface whose perimeter is S and area is S.éz. 


Y 





ee 


If G; is the velocity gradient at the element of surface S ,6z and A is the area 
enclosed by the contour and 6p the pressure difference across the section, 
then we have by definitions, 


| [eta y 
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nbz), SiG; = nbz SG, 
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Pressure force 


Aébp, 


Viscous force 


where G is the mean value of the gradient over the length S and 6 is the mean 
value of the pressure difference over the area A. Hence balancing forces, 
we have, 


A dp = n025SG, 
dv 
|Japasay = vs ts ds, 


where dV /dn is the velocity gradient. Hence we can write by Green’s theorem, 


av, 2 ¥) 
|Jenauay = ne ( ax + ay? dxdy, 


or, 








which, with suitable assumptions concerning the nature of the functions in- 
volved, leads to Equation 5. Equations 5 and 6 involve the tacit assumption 
that the viscosity remains constant for all values of x and y. In general we 
would not expect this assumption to hold exactly since the traction between 
wall and fluid would almost certainly be different from that between fluid 
and fluid. Accordingly the rate of discharge Qy as given by Equation 6 will 
be somewhat too low or too high. If this lack of constancy of 7 is limited to 
a small region near the limiting values of x and y we can still describe the 
flow quite accurately by assuming the viscosity constant but altering the 
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boundary condition and assuming a finite positive or negative ‘‘slip’’ velocity 
at the perimeter. Since the velocity gradient is a measure of the shearing 
force, it is natural to assume that the slip velocity, V;, is proportional to the 
mean value of the velocity gradient at the perimeter G. Thus we write, 


where é is the coefficient of slip and A and S are, respectively, the cross- 
sectional area and perimeter of the pipe. Hence we can write for the general 
case of Poiseuille flow with slip, 

: A* 6p 
(7) Qy = {fr (x, y)dx dy—§ 75 5, 


A 


The first term of the right-hand member of Equation 7 is identical with that 
in Equation 6 and is the classical Poiseuille flow expression assuming no slip. 
In the case of a Maxwellian gas é is positive and is given by, 


ee wee 
c=>V my: 

Thus é has the dimensions of length and is roughly equal to the mean free 
path. Hence at low pressure § may become quite large. In the case of 
liquids ~ is usually assumed to be zero. While it seems improbable that the 
influence of the wall can extend much beyond a molecular diameter in such 
dense fluids as ordinary liquids, and hence that ~ could be appreciable, never- 
theless, it might be positive or negative and quite appreciable for liquids 
strongly repelled or attracted by the walls of very small capillaries. 

For a pipe whose cross section is the ellipse having major semiaxis ab and 
minor semiaxis b, the formal solution of Equation 7 gives, 


rab’ dp rab dp 


@) Or= ~ a@? + in bs gS bs’ 
or approximately, 
373 
ee | a val ) 
(9) Oo “Grin a tS) 


This approximation weights the slip term somewhat too heavily. However, 
in the case of pores having somewhat irregular cross-sectional shapes the 
apparent sizes of the equivalent elliptical pipes will be larger when representing 
areas than when representing flow terms. This type of influence will be 
relatively greater on Poiseuille terms than on slip terms. Accordingly the 
simple approximate Equation 9 is probably as good as, or better than, the 
more exact Equation 8 for correlating pore dimensions and flow rates through 
parallel assemblies of nearly elliptical pipes of various dimensions. 

In the case of pipes whose cross sections are simple figures bound by straight 
lines, the formal solution of the Poiseuille flow problem may become very 





Jue OD w 


- oo 


“<< 





FLOOD ET AL.: FLOW OF FLUIDS. I. 367 


complex and solutions in closed form not attainable. While. Boussinesq (9) 
has evaluated numerically the rates of discharge from rectangular pipes of 
various dimensions, it is not possible to express these results in any simple 
parametric form. In the case of the elliptical pipe, the velocity contour lines 
are geometrically similar to the pipe and this fact greatly simplifies the solution 
of the problem. If we assume that velocity contours in rectangular, triangular, 
etc., pipes are also geometrically similar to the containing pipes, approximate 
solutions in closed form can be obtained very readily. In general, these 
“solutions” give somewhat smaller Poiseuille terms than do the corresponding 
formal classical solutions and hence weight the slip terms somewhat too 
heavily. These approximate solutions thus resemble Equation 9 and like 
Equation 9 are perhaps better for correlating pore dimensions of porous 
bodies and flow data than are the more exact expressions. 


In the case of pipes whose cross sections can be described in terms of 
geometrically similar figures converging on their centers of area, the assumption 
that velocity contours are geometrically similar to the cross section of the 
pipes enables us to obtain solutions in terms of a single variable. 


For example, in the case of a rectangular pipe whose cross section has side 
lengths 26 and 2ab respectively, taking the origin at the center and the x axis 
parallel to side 28, 





2 ae a+1 dv 
A (x) = 4ax’, S(x) = 4(a e 1)x, and G = a(a +1) i ' 
Hence, 
dv___ax_  & 
dx ~ (a + 1)m é:’ —— 
and, 
‘ 2 2 r, Op 
7 aie iP ae a! a 
where, 
Vix=6b)=V,=- tG =—£ o = slip velocity 
- . dx =" 


If the fluid density is p, the flow rate in mass units, Q,, becomes 


3,3 
a‘b 


(10) Qn = pQv= — °@+ Dn 


6 
+ 4e)F . 


Values of Qy when ~’ = 0, as given by Equation 10, may be compared with 
the relevant classical values. For a = 1 and a— @ the rates of discharge 
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as given by Equation 10 are about 11 and 27% respectively, less than those 
given by Boussinesq.* 

In the case of steady flow, Q,, is constant throughout the length of the pipe, 
i.e., independent of z. Accordingly the variables z and p are easily separated 
and integrated over their respective intervals, 0 < z € L, pi S$ p S po. For 
an ideal gas, 

+ of +19, /eRT 2-f 


. “tas 2M f 





Hence putting these expressions in Equation 10, integrating and expressing 
the result in A units, we get, 


eal ey /tRT 2—f 
“+1? * @4+HLV MM’ Ff 


or in terms of the long or short order lengths of the rectangle, W and D 
respectively, 





(11) K 


K= 16? + Dak? *2W+DLV ow Ff 


Equation 11 can be written in a somewhat different form, namely, 
a | (eee 4 a*D* oat z~-f 
~ 167 + 1)9L? * 2e+1NLV WM f° 


where the slip term has been changed. This approximation involves a 


_Y.. W°*D? j= 2-f 





*Gaede (15) measured the rate of flow of hydrogen through two long, shallow, very narrow 
(4 X 10-* cm.) slits by a rather indirect pressure decay method. The very striking minimum in 
the K, p plot that he obtained is very well known. At higher pressures the K, p plot is a straight 
line whose slope is about one-third of that calculated by classical methods and about one-half of 
that calculated by Equation 10. The observed ratio of the limiting low pressure intercept to the 
intercept of the straight line is 3.0 while the ratio of the Clausing intercept to that calculated by 
Equation 10 is also 3.0. Clausing (13) and Carman (11) interpret Gaede’s data on the assumption 
that the classical flow equations are applicable and hence find that the critical dimension is 
2.81 X 10~* (Clausing), 2.88 X 10~* (Carman) instead of 4.0 X 10-4 as reported by Gaede. 
Since this dimension was measured by interferometric methods such an error involving the missing 
of two or three interference fringes seems rather improbable. An alternative possibility is that the 
units used by Gaede are double the usual units (not by any means an impossibility in pressure 
decay methods using two volumes and two slits). If this were the case the data are almost exactly 
as calculated by Equation 10 as well as being consistent with the Clausing intercept. However, 
as the data stand, Equation 10 gives both a slope and intercept which, although somewhat better 
than the classical values, are much too large. 

As a check on the validity of Boussinesq’s numerical values for the rates of laminar viscous flow 
through rectangular pipes, we have measured the rates of discharge of a viscous oil of known viscosity 
through round and rectangular pipes. The rectangular pipe was about 40 cm. long and the cross 
section roughly 3 X 0.3 cm. It was constructed from optically flat parts ground to the limits of 
precision of the ordinary lens grinding equipment of the optics section of the N.R.C. Its dimensions 
were measured independently by the metrology section and by ourselves and it is thought that all of 
its dimensions were known to within +0.1%. The round glass tube was commercial precision 
bore and was about of the same length and of about 0.6 mm. diameter. The apparent viscosity of the 
oil in Stokes was determined in the round tube before and after determining its apparent viscosity 
in the rectangular tube. The following results were obtained: 10.79 and 10.85 in the round tube, 
before and after respectively. According to Boussinesq’s formula for the rectangular tube, 10.70. 
Bureau of Standards value 10.72. Estimated error in absolute units +1%. 

Evidently Boussinesq’s numerical values may be used for calculating rates of discharge of viscous 
oils (and probably Newtonian fluids without slip, generally) from rectangular pipes. 
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maximum change in the shape factor of the slip term of about 17% when 
a = 2.4 and is exact for a = 1 and a= ~. In this form the equation is 
more convenient since we can now write 


es f= sor | 
where f(a) = $ 2a*/(a? + 1) for elliptical pipes, and f(a) = $a*/(a? + 1) for 
rectangular pipes. 


Similar expressions can be obtained for cylinders whose cross sections are 
triangular, cruciform, star-shaped, etc. 





For a collection of N capillaries of varying lengths, LZ, in a parallel arrange- 
ment, where shapes, lengths, and parameters, D, are statistically independent, 
we can write, 


-_ wax 1 fd. p 4/280 2— | 
(13) K = Nf(a) bi o+D i 

According to Equation 13, the ratios of Poiseuille to slip terms are indepen- 
dent of shape factors and in this respect the equation may be regarded as a 
- form of Adzumi equation. Under the conditions stated, Equations 12 and 13 
might be expected to hold within perhaps 5 to 10% for nearly round or square 
capillaries, while holding within perhaps 30 to 40% in the case of very long, 
narrow, slitlike channels. It is, of course, to be borne in mind that all of 
these flow equations involve highly arbitrary assumptions and are only to be 
considered as approximately valid under certain idealized conditions where 
laminar viscous flow with slip is known to be the dominant flow mechanism. 
In all of these expressions involving the term (2 — f)/f, f should be taken as 
about 0.9, and may be reduced or increased a little for different gases and 
surfaces, if such adjustments are supported by experimental evidence. We 
must know the frequency distribution of shape factors, f(a), of side lengths 
D, etc., in order to evaluate the various means in Equation 11. In a system 
of rectangular pores grown more or less at random, there would probably be a 
greater statistical correlation between relative lengths of sides than there 
would be between relative side lengths and their magnitudes. Thus for a 
considerable range in values of D, we might expect f(a) to be comparatively 
constant. 

The above discussion has been limited to cylindrical capillaries. In granular 
or porous beds there must be many capillary passages which diverge and 
converge along the direction of flow. In the general case of viscous flow with 
slip through relatively coarse-grained converging—diverging channels, K will 
not be a linear function of . When K is a linear function of j it implies that 
such convergent-divergent flow paths are either fine-grained or absent. 
However, we must recognize that the existence of divergent—convergent flow 
paths may invalidate the relations put forward above, even when K appears 
to be an accurately linear function of ~. While the possible effects of marked 
convergence and divergence of capillaries is very difficult to estimate with any 
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accuracy in the case of Poiseuille flow with slip, these effects are easily esti- 
mated in the case of effusive flow, following the method of Clausing. It may 
be remarked that in the case of pores whose diameters are about equal to 
their lengths a very great increase in diameter of the central portion of the 
pore makes practically no difference to the Clausing intercept. The Clausing 
intercept for a round tube whose length is equal to the diameter, is practically 
identical with that corresponding to two holes in series, the holes being of the 
same diameter as the tube. 

Up to this point we have ignored corrections associated with turbulence, 
kinetic energy of the flowing fluid, distance of travel to develop the velocity 
distribution characteristic of laminar flow, bent tubes, etc. There is a good 
deal of experimental evidence which indicates that turbulence does not occur 
under any of the experimental conditions likely to be encountered in perme- 
ability measurements of fine-grained porous beds. Kinetic energy corrections 
estimated by any reasonable method will be found quite negligible. (It may 
be remarked that in the case of gases, it is sometimes stated that because of 
the increase in the velocity of volume elements flowing down a pressure 
gradient, an additional kinetic energy correction is to be added to that usually 
applied to incompressible fluids. This correction, sometimes referred to as 
the Hagenback correction, depends on the distribution law of molecular 
velocities assumed applicable to the moving gas and may be positive, negative, 
or zero. Kinetic theory considerations suggest that it should be zero.) The 
apparent viscosity of extremely viscous liquids is known to increase if measured 
in capillaries below certain critical sizes. Such effects might be appreciable 
in the case of common liquids in capillaries whose radii were comparable 
with molecular dimensions but should not be appreciable in porous beds 
where the capillary radii controlling flow rates are considerably larger.* As 
far as we are aware, practically all of these so-called “‘end effects’ are negligible 
in the case of the slow permeation of fluids through fine-grained porous 
materials. 

From the foregoing discussion the following conclusions are drawn: 


1. Without a knowledge of the frequency distributions of pore sizes and 
shapes we cannot relate flow data to pore dimensions in any literal sense. 

2. Where there is evidence, independent of flow data, from which frequency 
distributions of pore sizes and shapes may be inferred, the relations between 
steady state flow rates of nonadsorbable gases and pore dimensions of fine- 
grained porous bodies may be based on the following roughly valid statements: 


(a) Pressures may be regarded as uniform across thin sections perpendicular 
to the direction of flow. 

(b) Flow rates are controlled by pores whose cross sections are uniform 
throughout their lengths. 

(c) Rates of Knudsen or effusive flow through these rate-controlling pores 
are to be related to pore dimensions by the method of Clausing. 


*It has been shown that the viscosities of common liquids are perfectly normal in films of the order 
of 10-* cm. cf. Bastow, S. H. and Bowden, F. P. Proc. Roy. Soc. (London), A, 151: 220. 1935. 
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(d) If these pores are of nearly constant elliptical or rectangular shape, 
rates of Maxwellian or laminar viscous flow with slip through these 
pores may be described by Equation 11. 

(e) End effects may be ignored. 

In Part II of this paper, inferences concerning the structure of our carbon 
rods are drawn from published data. Using the above roughly valid con- 
clusions as basic assumptions, we show that the flow rates of nonadsorbable 
gases are consistent with the pore structure of the carbon rods. 
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THE FLOW OF FLUIDS THROUGH ACTIVATED CARBON RODS 
Il. THE PORE STRUCTURE OF ACTIVATED CARBON' 


By E. A. FLtoop, R. H. ToMLINnson, AND A. E. LEGER 


ABSTRACT 

The flow rates of adsorbable gases through zinc chloride activated carbon rods 
are considerably greater than might be expected from classical considerations. 
From data independent of flow measurements, the pore-size frequency distribu- 
tions of the activated carbon are deduced and a model macropore system presen- 
ted. It is shown that flow rates of nonadsorbable gases are consistent with a 
mean macropore diameter of about 3 X 10-5 cm., as well as being consistent with 
what can be inferred concerning such structures. The macropore system is 
regarded as an interstitial structure and is described as a random assembly of 
‘‘bottle necks’’ joining relatively large void spaces. The assembly is described by 
means of two constant parameters and one stochastic variable. The mean micro- 
pore diameter of zinc chloride activated carbons is generally regarded as being 
of the order of 2 X 10~*cm. or less. It is shown that no ordinary type of effusive 
or diffusive flow through pores of the order of 2 X 10-7 cm. can be appreciable 
compared with the flow through the macropore system, unless surface forces 
increase flow rates by large factors. In the case of strongly adsorbed gases the 
anomalous flow rates are ascribed to a flow through the micropore system and 
hence it is inferred that surface forces introduce large factors tending to increase 
flow rates in these very small pores. 

Elaborate studies of the structure of highly activated carbons were carried 
out in the United States and Canada during the war. The results of these 
studies have been partially published in a number of NDRC and other reports 
and a summary of this work has been presented recently by Emmett (4). In 
the immediately following paragraph, we quote a few reasonably well- 
established general facts concerning the structure of charcoal which have a 
direct bearing on flow problems. 

The majority of high density, highly activated carbons are porous bodies 
in which the void volume usually consists of more than half the total volume. 
The void volume consists of two main parts known respectively as the micro- 
pore and macropore volumes. These volumes are usually of about the same 
size, the micropore volume being perhaps generally somewhat larger than 
the macropore volume in the case of carbons of very high activity and high 
density. The micropore volume is responsible for most of the adsorptive 
properties of the material, the macropore volume providing access to the 
micropore structure, but otherwise not contributing appreciably to the 
adsorption phenomena. One rather striking fact brought out by Juhola’s 
work as reported by Emmett (4) is that P.C.I.* pulverized briquetted coal 
before activation has a macropore structure very similar to that of the highly 
activated material, and also very similar to the macropore structures of other 
highly activated carbons made from entirely different sources. Apparently 
inactive pulverized briquetted coal can be activated in stages, developing a 
micropore structure without changing the macropore structure appreciably. 


1 Manuscript received August 16, 1951. 

Contribution from the Division of Chemistry, National Research Council, issued as 
N.R.C. No. 2698. 

*Pittsburgh Coke and Chemical Company, formerly Pittsburgh Coke and Iron. 
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In this case, the macropore structure must have been originally an interstitial 
type of structure. Hence the inference is strong that in the case of carbons 
having macropore structures similar to those of the P.C.I. carbons, these 
structures are also to be regarded as essentially interstitial structures. It is 
further noted that most of the high density, highly activated carbons have 
rather similar pore structures; this is especially notable in the case of the 
extruded zinc chloride activated carbons made by the National Carbon Co. 
The methods of manufacture and general properties of the carbons designated 
CWSN-19, CWSN-44, and CWSN-45 (the last is designated N-145 by 
Juhola (5)) correspond very closely to those pertaining to our carbon rods. 
The pore structures of these three carbons are very similar to one another and 
accordingly we assume that the pore structures of these three carbons are 
also very similar to those of our carbon rods. 


We proceed to determine whether our flow data are consistent with the 
pore-size distributions as given by Emmett for carbons CWSN-19, CWSN-44, 
and CWSN-45. 

In the case of the macropores, the ‘‘pore-size distributions’ were obtained 
by Juhola (5) by forcing mercury into the porous body and observing the 
increments of pressure corresponding to increments in volume of mercury 
forced into the carbon. The holes were assumed square and the classical 
relations between pressure, surface tension, diameter (side length of square), 
etc., applied. Micropore distributions were based on capillary condensation 
as applied to water desorption isotherms. In order to apply the volume pore- 
size distributions to flow preblems, it is necessary to convert the data into a 
pore-size frequency distribution. Asa first statement of the problem we write, 


V=Nf(a)LD° 


where V is the total pore volume per cubic centimeter of porous material, 
N is the number of pores per cubic centimeter, f(a) is a shape factor, L a pore 
length, and D a side length of some plane figure enclosing an area. 

If we can suppose that the lengths, shapes, and side lengths are statistically 
independent (i.e., that we can describe the pore system in terms of pores of 
average shapes, lengths, and diameters), we can write, 


V =N.f(a).L.D? = ND? = ODN (D) 


where, 
> N (D) =N. 


N’'(D) as defined above is a sort of pore-size frequency distribution for volume 
expressed in units of length. N’ thus might be regarded as the total length 
of a large number of pores multiplied by some numerical shape factor. 

Where the total void volume is made up of two possibly quite different 
pore systems, we should distinguish between them and write, 
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N'D? = NiDy + N2D? 
where N,/D? and N,’D-? refer to the two different systems. 

If we suppose that the pore volume of activated charcoal can be described 
in any such manner, we can equate N,/D? and N./D2 to the observed micro- 
pore and macropore volumes, respectively, and attempt to find, by trial, 
functions ,/(D,) and N,’(Dz2) which will fit the observed pore-size volume 
distribution. It is found that by putting, 


Nihy’ 
6! 


Nz (D2) = Nz hoe ””’, 


De, 0zNe-, 


M (D) = 


where, 
h,=6X 10? and ho =3 X 10, 
and where, 


, 7roa 
arte | Dc” a, 
; oe 


is the micropore volume per cc. and, 


.cO 


Nah| Da” 4D, 
: 0 


is the macropore volume per cc., the plot of pore volume as a function of D 
agrees very well with Juhola’s plots as reported by Emmett for the three 
National Carbon Co. carbons referred to above. The values of # determine 
the mean pore size as well as the values of D for which the rate of increase 
of volume with diameter is a maximum. The values of N determine the 
total void volume. The mean values of the pore diameters (or side lengths 
of squares, if assumed square) are, 


D, = 1.2 X 107"cm., 
Dz = 3.3 X 107*cm., 


for the micropore and macropore systems respectively. 


It may be noted that the macropore volume distributions of nearly all 
of the carbons studied by Juhola (5) indicate a distribution, N»2’(D2) of the 
form Ae”, and further, the spread of values of D2 is not great, ranging 
from the smallest for the high-density National Carbon Co. carbons, namely, 
about 3 X 10°° cm., to about 15 X 107 cm. for various carbons from other 
sources having large macropore volumes. 

It will be noted that nearly all of the micropore structures reported by 
Juhola are also very similar and yield similar values of D:. The distribution 
we have adopted for the micropore system yields a mean pore radius that is 
perhaps somewhat too small for the National Carbon Co. carbons. A larger 
value of the exponent of D (i.e., D® in place of D*®) would give a better fit 
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with the experimental data, but in view of the considerably increased labor 
in calculation entailed thereby, as well as the doubtful validity of basing the 
distributions on the desorption isotherms, we have not thought it worthwhile 
to improve the empirical distribution function. As far as the two pore-size 
distributions are concerned, for a given assumed shape of pore, the mercury 
pressure method of measurement is more direct than is the capillary condensa- 
tion method and it would seem that perhaps more confidence may be placed 
on mean pore diameters of macropores than on those of micropores. 


If we accept the values of D; and Dz as given above, and can suppose that 
the pore ‘‘lengths’’ and ‘‘shapes’”’ are at all comparable in the two systems, it is 
evident that if fluids flow through these pore systems by the same mechanism, 
uninfluenced by surface forces, the micropore structure cannot contribute 
appreciably to the over-all flow rate. In the case of the permanent gases 
where adsorption at room temperatures is negligible, it seems safe to assume 
that only the macropore structure need be considered in describing the flow 
of permanent gases through our carbon rods. 

Since, as we have seen, the macropore structure is essentially an interstitial 
type of structure and is fine grained, we shall assume that the pressure may 
be regarded as uniform throughout any thin section perpendicular to the 
applied pressure gradient, i.e., we assume that the flow is equivalent to a 
flow through capillaries in parallel. 

As we have shown in Part I of this paper, the flow through a single cylinder 
of quite a variety of shapes may be represented by, 


a aRT 2-—f 
(1) K =s@)} |p +e 4/ SBE 2- =f] 


where the symbols are as previously indicated; (f(@) here is not the same as 
the shape factor for volume. For square cylinders f(a) may be taken as }.) 
For N capillaries in parallel assuming statistical independence of shapes, 
lengths, and diameters, we may write, 


- wax i fD*. pi a=} 

at 2i[ 20+ ir ae 

The slope, S, of K as a function of the mean pressure, )», measured in mm. Hg 
is thus, 


S=Nf@) 2 De 
where p dynes cm.~? 
The intercept, J, is, 


Therefore, 
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If the form of the frequency distribution of pore sizes is at all consistent 
with Juhola’s data for macropores, then as we have seen, 


N(D) = Ae™ , 
and hence, 
D*/D° a. 4D, 


regardless of the values of A and hk, and hence we have, 


D = 3 20g [th 2—1 
22 _ Ff 


The flow data for nitrogen reported in Part | of this paper and in our previous 
paper (6) yield a mean value of S/J = 2.7 K 107°. Taking 7 = 181.5 X 107° 
poise as the viscosity of nitrogen at 35°C. and f = 0.9, we get, 





D = 3.4 107°. 


The maximum reasonable spread of values of D based on the flow data would 
be obtained by taking the smallest experimental value of S/J with the smallest 
reasonable value of se! i.e., with f = 1, and the largest value of S/J with 
f =0.8. Values of D thus obtained range from 2.6 to 4.5 X 107. This 
range of values covers the range of values of D for National Carbon Co. 
carbons of this type very nicely. 

The agreement between the apparent values of the mean pore diameter 
(or side length, if square) as measured by the flow method and as determined 
by the mercury pressure method is really excellent and would seem to justify 
some of the underlying assumptions. Perhaps the most important assumption 
is that our carbon rods have macropore structures very similar to those 
reported by Emmett. Some of the other important assumptions are as 
follows. (a) Shape factors and lengths are statistically independent of the 
parameter used to describe the variation in cross-sectional area of the ‘‘pore’’. 
These assumptions are common to both methods and are inherent in the idea 
that the ‘‘average pore’’ may have a length, shape, and diameter. Thus 
N(D) should have the same form for the two methods. It is to be emphasized 
that physically the pore system is really one interconnected whole and the 
attempt to describe this volume in terms of ‘‘pores”’ is necessarily somewhat 
arbitrary. (b) The mechanism of flow through the macropore system at 
higher pressures is the normal Maxwellian flow as observed for small capillaries. 
The system behaves as a system of parallel rectangular or elliptical capillaries 
of nearly constant shape. The micropore system does not contribute appreci- 
ably to the flow rate of nitrogen. These assumptions are, of course, peculiar 
to the flow method of determination of D. (c) The usual relations between 
surface tension and capillary depression of mercury as observed for small 
holes prevail in such a pore system. The holes are effectively square or 


round. 
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It may be emphasized that in the flow method of determination of D the 
“‘shapes”’ and “‘lengths”’ of pores are not explicitly concerned, while in Juhola’s 
mercury-pressure method the value of D depends on the assumed shape. 
Thus, as pointed out by Emmett, if the pores were assumed to be long rec- 
tangular slits, the value of D, as determined by this method, would be only 
half as large as given above. Our results seem to justify Juhola’s assumption 
of nearly square holes. 

Even assuming square holes we cannot calculate the flow through such a 
system unless we also know the lengths of the pores. By comparing the 
observed values of the slope or intercept with the macropore void volume, it 
becomes immediately apparent that the effective length of the pores is con- 
siderably less than the length of the sample. This can only occur if the pore 
system is a system of ‘‘bottlenecks’’, a conclusion consistent with an interstitial 
structure. 

In order to illustrate the nature of the various factors and assumptions 
involved in such considerations, we shall present a model pore system based 
on a literal interpretation of the above assumptions. 

It may be remarked that the most commonly used model pore system is a 
’ parallel bundle of round straight capillaries. Such a pore system is incompa- 
tible with an interstitial structure. It leads to serious inconsistencies between 
observed void volumes and flow data. Moreover, the ‘average shape’’ of a 
cylindrical* pore is almost certainly not circular. A model pore system 
should be some simple idealization of the space between packed particles. 
It should, if possible, lead to simple calculations, have some flexibility but 
not be too arbitrary; it should provide for dispersion of pore sizes and should, 
of course, be consistent with known data and be physically reasonable. It is 
to be emphasized that such a model pore system is not to be regarded in 
any sense as a picture of a real pore system. The model is rather to be re- 
garded as an explicit statement of the assumptions made concerning such 
structures, and thus provide a method of testing these assumptions for self- 
consistency and for consistency with observed data. As will be seen, some 
very arbitrary assumptions are involved. 


MODEL PORE SYSTEMS 

We first construct a frame of reference as follows. A cube of side length L 
is cut into a very large number of very thin sections parallel to a face of the 
cube. The thickness of a section will be a stochastic variable represented by 
1; Each section of thickness /; is cut into L//; right square cylinders of 
length ZL and cross section /;*.. Each square cylinder is cut again into L//; 
cubes /,*._ If there are M(/,) sections of thickness 7 ;, there will be L// ; M(/;) 
square cylinders of length L, and cross sections/,;7._ If we put, L/]; M(/;)= 
N(l;) then the total area of one face of the cube L* will be given by 
2/7N(l;)=L*. If L is taken as unity, M(/;) becomes the number of cylinders 
of cross section, / 7, per unit area or the number of squares of side length, / ;, 


*Cylindrical in its general sense. 
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contained in a plane cutting Z* at right angles to the cylinders. The cubes 
are now rearranged so as to form an assembly which has the same distribution 
of squares of side length, /;, i.e., N(/;), in any plane cutting the cube parallel 
to any face. (This will involve a change in M(/;), of course.) The number 
of cubic cells of side length /; will be Z/]; N(/;), say, P(/;). Thus the total 
volume may be represented by any of the following, 


L?>1,M'(,) = L?M'Im, LS, 1ZN(l;) = LN I,’, 


Di fPC,) = Pi, 


according as we consider the volume as made up of M’ sections, N square 
cylinders, or P cubic cells. (The subscripts m, n, and p are used to indicate 
that the three distribution functions are different; while M’7, = L, N%, 
and P*7, do not equal L unless /; is a constant.) This type of construction 
imposes limits on possible forms of N(/;). However, if / is very small com- 
pared with L, distributions of the form N(l,;) = Ni"e~*'!, 0 <1 € &, can 
be used for most purposes with reasonable approximation. 

If we wish to construct a model porous system we may regard the system 
of cubic cells as merely a frame of reference within a solid continuum. We 
now place within each cubic cell some pore of ‘‘average shape’’ so that the 
volume of each pore has some definite constant relation to the volume of the 
cell into which it is placed. Such a pore should penetrate the faces of the 
cubic cells so that each cell may have the same permeability perpendicular 
to any face of the cell. We suppose the average pore to be an idealization 
of the void space between cubic packed spheres. The void space between 
cubic packed spheres has certain ‘‘bottleneck’’ features reminiscent of porous 
adsorbents and the ‘“‘bottlenecks” are approximately square as suggested by 
Juhola’s data. However, it is difficult to treat the flow through such cells 
because of the converging-diverging channels. While a number of idealiza- 
tions of such a void space or “‘pore’’ can be made, we adopt what seems to be 
the simplest possible model having two parameters, namely the following, 

c i | 
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The two figures are different arrangements of the same voids and solids and 
would have identical properties with respect to mercury pressure pore-size 
volume distributions as well as identical permeabilities, except perhaps at 
low gas pressures where molecular effusion prevails. 1/;/a is the side length 
of the square cylindrical capillary of length /;(1 — y/a). -yl;/a is the side 
length of the larger cube contained within the cell. a and y are assumed 
constant, while /; is a stochastic variable such that / is very small compared 
with the side length, Z, of the whole assembly. 

The void volume is obviously the volume of the large cube plus the volume 
of the “‘bottlenecks’’. If the volume of the cell is taken as unity, the void 
volume per cell is the void fraction of the whole assembly since a and vy are 
assumed constant. 


In an assembly of a great many such cells, the permeability of any small 
section (of cross section L/; and length L) is large compared with that of the 
corresponding cylinder (of cross section / 7 and length L). Accordingly, when 
fluids flow through such a medium the pressure will be constant throughout 
a section and independent of the relative positions of cells in following sections. 

Hence the permeability is independent of whether the system is regarded 
as made up of cylinders or an assembly of cubic cells such that N(J;) is the 
same for any section parallel to any face. In addition, the flow through a 
regular assembly of cells of constant size of this type is independent of the 
direction of the pressure gradient. For example, if the applied pressure 
gradient is along a diagonal of the cube, three arms or ‘‘bottlenecks”’ contribute 
to the flow, whereas when the gradient is parallel to one arm, only the one 
arm contributes, and it might appear that the permeability was markedly 
dependent on orientation. However, in the former case, the number of 
flow paths per unit area is greater, not by 3, but by +~/3, while the effective 
length of pore is increased by ~/3, as compared to the latter case. Hence 
the two orientations give the same permeability. Similar results will be 
obtained with other orientations. Accordingly, we shall assume that the 
permeability of the whole system of cells is independent of the orientation of 
the faces of the unit cells with respect to the whole cube L’, and in the case 
of flow problems calculate the permeability as though the pressure gradient 
were parallel to one arm of the unit cells. 

We proceed to determine whether or not a distribution function N(/;) and 
values of the parameters a and y can be found, which are self-consistent and 
physically reasonable, and which are consistent with known data concerning 
the macropore structure of similar National Carbon Co. carbons.* 

The following relations hold: 

The void volume V ; per cell will be given by, 


ly’ 3 
"eae + 3a — 3y), asysl. 
*We consider it more reasonable to assume that the ‘‘average pore’’ is square rather than circular. 


If circular cylindrical bottlenecks are assumed, it will lead to slightly different values of a and 
but D, and all of the more important features of the model, will be unchanged. 
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Letting »; = L/l;, then for N(l;) cylinders of length, Z, and cross section, 
17, we have, 


, 


, . 
Vi = nN(li) 3 (y* + 3a — 3y) 


i 2 
= LN(/;) aa (y* + 3a — 3y). 


The total void volume will be given by, 


V = LN 5 (y' + 3a — 37), 
where N? = L?. Hence, for L = 1, and D; = 1;/a, 
3 _- 3 = 
v=n|2 + 3a |p -1 tie— % 


a a 


’ 


where V is the void volume per cubic centimeter of porous material. This 
is equivalent to our assumption that we can write, 


V =N.f(a).L.D’. 


If N(/;) or N’(D;) can be represented by means of a continuous function 
and we suppose D to vary, then the total volume of macropores per cc. of 
carbon whose bottleneck diameters lie between D, and Dz, will be given by, 


3 Ds 
Vo. = jx ea te £2 sy | D°N'(D)dD. 
D, 


a 


Assuming that N’(D) can be represented by Nhe~"* as suggested by Juhola’s 
data for a great many quite different kinds of carbon, then we have, 


3 Ds 
Vo., = jase = Be a ir] wn | D'eaD. 
Di 


The volume contained within the central cubes** between cube side lengths 


a ie 


The permeability of the system can be determined very readily. From (1) 
we can write for the Poiseuille flow through a square cylinder, 
*For this distribution function N becomes the number of cylinders or the number of squares 


per unit area in a plane section of the cube. If construed strictly, the number of cubic cells per 
cubic centimeter becomes infinite where 0 <1 << oo. The basic relations are 

ar n! i) 272 

D* = ye Ne = NaD =1. 


**Tt will be noted that the shape of this central volume is more or less arbitrary. 
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where c = 1.332 X 10° and j,, is the mean pressure in mm. of Hg. Neglecting 
the resistance to flow offered by the common large cube compared with the 
resistance of the arms, and since we have D; = 1;/a and L’ = 1;/a (a — y) 
we can write for the slope S ;, for a single cell, 


> 


iy a 
~ alia — y) 32n’ 


For n ; identical cells in series, where 1 ;l; = L, we have, 


S; 


—_— i Oe dic 
‘  a'(a — y) L 32n’ 
and for N(/,) cylinders in parallel, 


4 
s( = N@out 1 


a’(a — y) L 32n 
Hence, for all cells, 
ae | aoe i ae SS ee 
~ a(a—y) L32n ~a-—yL 32n° 


Similarly for the intercept, we get, 


ee ae ip s/t 2-f 


2M f 


For a cylinder of length, Z, and cross-sectional area, O, assuming the same 
distribution as above, we have, 


a-y 4 


a a 
a(a — y) 32m L’ 
—  {f 1 aRT 2—f O 
sis af” —vy)4 y/ 2 wan ae % 
We use the values of S, J, and V to solve for D, a, and y. Taking the values of 
Sand J for plugs Nos. 11 and 18 as reported in Part I of this paper and assuming 
macropore void volumes to be 30% of plug volumes, we find D = 3.65 X 105, 
a = 7.6,and y = 4.9, while for the five plugs (excluding 13) reported previously 
(6), D = 3.41X 10-5, a=7.2, y=4.7. These values of the constants yield calcu- 
lated slopes and intercepts within 3% of the relevant observed values. The 
difference between the two sets of values is probably not significant. Hence, 
taking D =3.5 X 107, a =7.4, and y = 4.8, which seem physically reasonable 
values, we get very consistent results. Thus the calculated macropore 
volume is 0.29 cc. per cc. of carbon, while that based on the water desorption 
isotherm is 0.30cc. and that based on the ether adsorption isotherm is 0.24 cc. 
The pore-size volume distribution curve falls very nicely within the curves 
given by Emmett for the three similar carbons. The calculated and observed 


S = 12D" 
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slopes* and intercepts of the flow rates of nitrogen, hydrogen, helium, and 
carbon dioxide through all of the plugs (excluding 13) agree probably within 
the experimental error. (The calculated value for hydrogen is a little high. 
Since f usually varies a little for the different gases, we may expect some . 
variation due to this factor.) 

The calculated surface area of the macropore volume is 0.6 sq. m. per cc., 
while the calculated surface area of the system thought of as constructed from 
granules is about 1.2sq. m. percc. The surface area of the granules calculated 
from the flow data and void volume of macropores by the Arnell (1) method 
is 6 to 7 sq. m. per cc. It may be remarked that the Arnell and similar 
methods correlate empirically the actual total granule surface with flow data 
and necessarily give larger surface areas than those corresponding to the void 
spaces, since these areas include areas of surfaces actually in contact as well 
as areas of surfaces effectively in contact as far as flow is concerned. 

There is a marked hysteresis in the mercury-pressure method of measuring 
pore-size distribution, i.e., generally most of the mercury forced into the 
carbon stays there when the pressure is released. Assuming that the mercury 

*As an additional check as to the validity of regarding the slope terms as describing a Poitseuille 
flow, the permeability of plug No. 11 to liquid water at 35°C. was measured. The apparatus used 
permitted measurement of flow rates both entering and leaving the sample. Flow rates were con- 


sidered valid when these rates were practically indistinguishable. The results are recorded in the 
following graph. 
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The experimental points are shown at (b). The open circles are the flow rates with decreasing 
pressure heads, the solid circles with increasing heads. The straight line (a) is the calculated 
liquid water flow rate based on the nitrogen permeability as determined after the liquid water 
permeability measurements. It was found that the nitrogen and adsorbable gas permeability, 
as well as the adsorptive capacity of the sample (plug No. 11) were considerably reduced by the 
passage of the liquid water through the sample, no doubt owing to the filtering action of the plug. 
The flow rate in K units per minute corresponding to (a) is roughly 28 at p = 760 mm. 

It will be noticed that the observed flow rates of liquid water approach the calculated value asymp- 
totically with increasing pressure head. Apparently the macropore structure contains hydrophobic 
surfaces or capillaries having negative wetting angles. Appreciable quantities of organic material 
were almost certainly adsorbed by the carbon during the establishment of the experimental conditions 
necessary for the liquid permeability measurements, accordingly hydrophobic regions are not 
necessarily inherent in the carbon structure. 
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threads in the “‘bottlenecks” will always break on release of the pressure, our 
model indicates that 93% of the mercury should be retained by the sample. 
If the walls of the bottlenecks were comparatively smooth and free from 
adsorbed gas, the mercury threads would be less likely to break and the 
sample retain considerably less mercury after release of the pressure. Thus 
we might expect unactivated material to retain < 93%. According to 
Emmett (4) usually 90 to 95% is retained in the case of activated carbons 
while as little as 35% is retained in some cases of unactivated material of 
similar macropore structure. The calculated pore volume of bottlenecks 
and central volumes, whose diameters lie between 1800-18000 A (i.e., the 
volume that would fill by capillary condensation of nitrogen in the adsorption 
relative pressure range 0.99 to 0.999) is about 0.047 cc. per cc. (roughly 0.018 
from the bottlenecks and 0.029 from the central volumes). The corresponding 
volumes as observed for CWSN charcoals range from 0.039 to 0.050. The 
calculated value of what Emmett calls the free volume although somewhat 
too high is consistent with values given by Emmett. One further point may 
be mentioned. The Clausing or low pressure limiting intercept for our 
model where the “‘pore’’ lengths are two or three times their diameters would 
be about ¢ of the Maxwellian intercept,* i.e., according to the model, the 
plot of K against j should show a slight downward curve in pressure regions 
where the mean free path is greater than about 107 cm., i.e., at values of 
Dm less than 50 mm. This is qualitatively in agreement with the observed 
data. © 

The rather surprisingly good agreement between calculated and observed 
properties obtained above seems to justify some of the numerous underlying 
assumptions. In any case, there can be little doubt that the flow of gases 
which are not strongly adsorbed is entirely consistent with what can be inferred 
concerning the structure of our activated carbon rods. It seems safe to 
conclude that the flow rates of nitrogen, hydrogen, etc., are controlled almost 
wholly by the macropore system of the carbon.** 


ANOMALOUS FLOW RATES 

The flow rates of condensable vapors through relatively large capillaries 
obey the normal Maxwellian flow relations, even at mean pressures fairly 
close to saturation; in spite of the considerable surface adsorption which must 
occur under such circumstances and in spite of any surface mobility of ad- 
sorbed material. Consequently, we must conclude that the flow rates of con- 
densable vapors through the greater part of the macropore system follows 
the normal Maxwellian flow, and hence conclude that the anomalous flow 
rates observed are, in the main, due to an additional flow through the micropore 
system. Such a conclusion is consistent with Babbitt’s (2) very interesting 
study of the permeability of wood to water vapor and nitrogen. This con- 
clusion is also consistent with the well-known discrepancies between ‘‘surface 

*cf. Part I. 

** Somewhat different model pore systems have been discussed recently by L. G. Joyner in some 


interesting papers. Conclusions concerning micropore permeability would be essentially as 
given above. 
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areas” as measured by flow and by adsorption methods in cases where highly 
active adsorbants are involved. Accordingly, we shall assume that our 
anomalous flow rates are due, at least in part, to an additional flow through the 
micropore system and examine the consequences of this assumption.* 

We can regard the micropore system as made up from an assembly of 
cells contained within the macropore system and construct a model to describe 
the system along the lines used above in describing the macropore system. 
Making allowance for the different average path lengths and using Juhola’s 
data together with various estimates of void space surface areas, we can 
obtain rough limiting estimates within which the values of the slope S; and 
of the intercept J; for the micropore system should fall. We find, 


S: = Ss X (107 to 107°)! 
I, = I: X 5(10~ to 10“), 


where S: and J. are the slope and intercept, respectively, applicable to the 
macropore system. The intercepts given above are the Maxwellian inter- 
cepts. The Clausing intercepts have roughly similar values for such models. 
Accordingly, neither molecular effusion nor Maxwellian flow, in its usual 
form, nor any ordinary type of diffusion** through the micropore system can 
make an appreciable contribution to the over-all flow rate, unless surface 
forces introduce very large factors tending to increase the flow rate through 
such very fine-grained systems. Evidently in the case of gases which are 
not strongly adsorbed, these factors are not large. In the case of gases 
which are strongly adsorbed, one of the most obvious and direct effects of 
surface forces is to increase the density of fluid in the immediate neighborhood 
of the surface as compared with the equilibrium gas density remote from the 
surface. If the micropore system has a mean pore diameter anything like 
1.2 X 10-7 cm., the pore diameters are small compared to the mean free 


~ 


*According to our model, the mean flow path length of the capillaries of the micropore system is 
somewhat less than one-half of the length of sample. However, if the macropore system be filled 
with mercury, the mean path length will be somewhat greater than the sample length. Thus the 
micropore flow rate should be reduced by a factor of about 0.3, if the macropore structure were 
completely filled with mercury. To check this point and as a check on the independence of the 
two pore systems, flow rate measurements were made on rods into which mercury had been forced. 
When the mercury was forced into the sample at 360 p.s.i., approximately 54% of the macropore 
void volume remained mercury filled after handling at atmospheric pressure. The methanol adsorp- 
tion isotherm was not changed by this treatment, the nitrogen permeability was reduced to 0.09 of 
its former value. Assuming the micropore flow rate to be the difference between the observed flow 
rate and that calculated on the basis of the nitrogen permeability, the methanol flow rate was reduced 
to 0.34 of its former value. It may be remarked that the methanol flow rate showed a pronounced 
maximum when plotted as a function of p (cf. Part III, Fig. 4). These results are consistent with 
our model and with the assumption that the two pore systems may be treated as independent of one 
another. However, in another experiment mercury was forced into the sample under a pressure of 
2400 p.s.i. and after handling at atmospheric pressure 86% of the macropore volume remained mer- 
cury filled. In this case the mercury filled sample showed very little adsorptive capacity for methanol 
even after long exposure. Also the methanol permeability was greatly reduced and no nitrogen per- 
meability could be detected at all. While evidently the micropore and macropore structures cannot 
be treated as entirely independent of one another, the total flow rate may be regarded as essentially 
the sum of the micropore and macropore flow rates. 

**In order to yield a flow rate of the observed order of magnitude, the diffusion constant can 
hardly be less than 10~*. Barrer’s (3) very thorough study of diffusion through fine-grained 
porous materials indicates diffusion constants of a much lower order of magnitude, e.g., 10~* 
to 107". 
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paths (A) of gases at densities corresponding to pressures up to one atmos- 
phere. Hence any transport phenomena will be controlled by wall collision 
phenomena (from kinetic theory, the number of molecular collisions between 
successive wall collisions when a gas diffuses down a tube of diameter D is 
D/x) and will be a molecular effusion process. However, if surface forces 
compress the gas to densities at all comparable with the liquid density (the 
value of D/d in this case is of the order of unity and drift velocities should 
develop) the flow should become essentially laminar flow with slip, unless, of 
course, the condensed material is strongly held on isolated “‘sites’’, i.e., unless 
the adsorbed material is in some sort of solid state. It is immediately evident 
that, other things being equal, a large increase in density is quite capable of 
increasing the flow rate as measured in K units. 


While the dimensions of a piece of active carbon are slightly changed by 
adsorption, these changes are usually very small and can hardly account for 
any very large increase in permeability. 


Again a very low value of f in the term (2 — f)/f, due possibly to an adsorbed 
layer, could, of course, lead to a very rapid transport of matter. However, 
as we have pointed out, the flow of condensable vapors through large capillaries 
- is perfectly normal under pressure conditions such that considerable adsorption 
on the walls must occur. If the adsorbed layer were capable of sliding over the 
surface at speeds considerably in excess of the gas slip velocity, it would 
increase the velocities of all the lamina and the flow rate would be much 
higher than observed. However, it may be pointed out that a slowly moving 
layer of high density may transport a great deal more material (as measured 
in K units) than a rapidly moving layer of low density. Accordingly, if the 
cross-sectional area of the adsorbed layer is appreciable compared to the 
cross section of the capillary, the contribution of a slowly moving adsorbed 
layer to the total flow rate may be considerable. About the only other 
immediately obvious variable involved is the viscosity and we would not, in 
general, expect the viscosity to decrease markedly as a result of the action of 
compressive surface forces. 


It would seem that by far the simplest assumption to make is that the 
micropore flow mechanism is essentially Maxwellian, the abnormally high 
rate being due to the increased densities and stresses that result from the 
action of surface forces. Accordingly, we shall make this assumption and in 
Part III we shall enquire as to whether or not compressive surface forces 
can give rise to pressure dependent factors of any such form and magnitude 
as are required to be consistent with our data. 
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NOTE 





The Papilionaceous Alkaloids. XVI. Trilupine and Dilupine* 


Recently Galinovsky and Kainz (5) obtained from the bases of Lupinus 
albus, together with d-lupanine, a quantity of a sublimate evincing properties 
and yielding analytical figures similar to those described by Couch (3, 4) 
for the alkaloid that he designated trilupine. They tried to ascertain whether 
their sublimate had the improbable d-lupanine di-N-oxide structure assigned 
by Couch (3). However, they established that their substance’ was not an 
N-oxide, but d-lupanine monohydrochloride dihydrate which was also the 
product they obtained in attempting to prepare d-lupanine di-N-oxide by 
Couch’s method (3). 

Not long before his death Dr. J. F. Couch had generously given the present 
author his entire supply of lupine alkaloids including both his trilupine and 
his synthetic sample. It is deemed worthwhile to record that the findings of 
Galinovsky and Kainz (who had not in their possession a sample of Couch’s 
trilupine) have been confirmed by a comparison of the infrared absorption 
spectra and the X-ray diffraction patterns of trilupine, synthetic trilupine, 
and d-lupanine monohydrochloride dihydrate. All three were identical. 

The ready formation of base hydrochlorides by a base-catalyzed hydrolysis 


of chloroform has already been reported concerning spathulatine and nona- 
lupine which are both identical with pusilline monohydrochloride mono- 
hydrate (6); consequently it does not depend on the presence of a lactamic 
nitrogen as Galinovsky and Kainz seem to assume (5) since pusilline contains 


no oxygen. 

Of the alkaloids described by Couch, dilupine (3) is also of dubious identity. 
It was assigned the empirical formula CisH2»O2Ne2 and, tentatively, the 
structure of a C-methyl-lupanine N-oxide. However, it forms salts containing 
one oxygen less than the original base. The base liberated from dilupine 
hydrobromide yielded analytical figures corresponding to the formula 
CisH2sONe2 (3). A base N-oxide does not usually lose its oxygen on salt 
formation since oxymatrine forms normal salts (7). Couch (3) stated that 
dilupine after extraction with chloroform deposited some trilupine (d-lupanine 
monohydrochloride dihydrate). Hence, it is plausible that dilupine might 
consist of impure d-lupanine probably contaminated with some of the hydro- 
chloride. Unfortunately Dr. Couch’s collection of alkaloids did not contain 
any dilupine so that it was not possible to make a direct comparison. However, 
this assumption finds support in the fact that Lupinus barbiger which is 
reported to yield trilupine, sparteine, and dilupine (3) must, because of the 
nature of trilupine, have contained some d-lupanine. Furthermore, the 
melting points of the hydrobromide (233-4°) and methiodide (253°) are not 
very different from the uncorrected melting point of d-lupanine hydrobromide 

*Issued as N.R.C. No. 2702. 





MARION: PAPILIONACEOUS ALKALOIDS. XVI. 387 


(238°) and the reported uncorrected melting point of the methiodide (263°) (2). 
The specific rotation of d-lupanine methiodide (+ 51.48°) (1) and that of 
dilupine methiodide (+ 51.1°) are identical. 


EXPERIMENTAL 
Trilupine 

The sample of trilupine obtained from Dr. Couch sintered at 120° and 
melted at 250-253°.* It was sublimed at 200-210° at 0.1 mm. and the subli- 
mate dissolved in boiling acetone containing a few drops of water. On 
cooling, the solution deposited colorless prismatic needles sintering at 125-130°, 
resolidifying, and melting at 260-263°. Calcd. for CysH2sON2-HCl-2H:,0: 
C, 56.15; H, 9.11. Found: C, 56.20; H, 9.35%. [alp + 56.9° (c, 3.71 in water). 

The synthetic d-lupanine di-N-oxide received from Dr. Couch was purified 
exactly as described above for trilupine. It had the same melting point 
either before or after admixture with trilupine. A freshly sublimed sample of 
each substance was used for the infrared absorption spectra which were deter- 
mined in nujol mulls with a model 12B Perkin-Elmer single beam spectro- 
meter. The two spectra were exactly superposable. 

A sample of d-lupanine monohydrochloride dihydrate was prepared as 
described by Galinovsky and Kainz. It fused at 125-130°, resolidified, and 
melted at 266°. In admixture with trilupine, it fused at 125-130°, and melted 
at 262-263°. The X-ray diffraction powder patterns of this salt and of 
trilupine were identical. 


d-Lupanine Monohydrobromide 


A small quantity of d-lupanine in methanol was neutralized to Congo red 
with a solution of hydrobromic acid in methanol added dropwise. The 
solution was evaporated to dryness, the residue dissolved in methanol, and the 
solution again evaporated to dryness. The residue was now dissolved in 
acetone containing a little methanol and the solution was cooled in the re- 
frigerator. After some time it deposited the hydrobromide as colorless 
prisms, m.p. 244° (238° uncorr.). 
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